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ABSTRACT
The genus Bartonella contains Gram-negative arthropod-borne bacteria that are
found in many small animal reservoirs and are capable of causing human disease.
Bacteria utilize a general stress response system to combat stresses from their
surrounding environments. In α-proteobacteria, the general stress response system
uses an alternate σ factor as the main regulator and incorporates it with a twocomponent system into a unique system. Our study identifies the general stress
response system in the α-proteobacterium, Bartonella henselae, where the gene
synteny is conserved and both the PhyR and alternate σ factor have similar sequence
and domain structures with other α-proteobacteria. Furthermore, we showed that the
general stress response genes are up-regulated under conditions that mimic the cat flea
vector. We also showed that both RpoE and PhyR positively regulate this system and
that RpoE also affects transcription of genes encoding heme-binding proteins and the
BadA adhesin. Finally, we also identified a histidine kinase, annotated as BH13820 that
can potentially phosphorylate PhyR. In addition, analysis of the transcriptome from the
Houston-1 strain of B. henselae by RNA-Seq reveals a family of small RNAs (termed
Brt1-Brt9 for Bartonella Regulatory Transcripts 1-9) that may rapidly adapt gene
expression patterns to the diverse hosts of this bacterium. This family of RNAs consists
of nine novel, highly expressed intergenic transcripts, ranging from 193-205 nucleotides
with a high degree of homology (70-100%) and stable predicted secondary structures
that are unique to the genus Bartonella. Northern blot analysis indicates that
vii

	
  
	
  

transcription of these sRNAs was highest under conditions mimicking those of the cat
flea vector (low temperature, high hemin). The predicted promoters for Brt1-Brt9 have
been cloned upstream of a β-galactosidase reporter gene in pNS2 to identify conditions
altering transcription. Immediately downstream of each of the nine putative sRNAs is a
helix-turn-helix DNA binding protein (termed Trp1-9 for Transcriptional Regulatory
Protein 1-9) that is poorly transcribed as determined by RNA-Seq.

This gene

organization is suggestive of a potential cis-acting RNA mechanism or riboswitch with
the RNA secondary structure controlling transcription of the cognate downstream trp.
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CHAPTER ONE:
INTRODUCTION
1.1. Bartonella Species: Infection, Pathogenesis, and Disease Manifestations
Bartonella species are Gram-negative bacteria that adopt a facultative
intracellular lifestyle, which allows them to grow as free-living bacteria but at the same
time, they can also survive and replicate within erythrocytes. While the persistent intraerythrocytic infection pattern is shared among the Bartonella species, the arthropod
vector differs between species depending on the reservoir host the bacteria infect [1].
Species of the Bartonella genus are assigned to four distinct evolutionary lineages
based on their genomic analysis. B. bacilliformis is classified as the sole species in
lineage one due to several obvious differences between this organism and the rest of
the Bartonella species [2-4]. Originally, B bacilliformis was the only member of the
Bartonella genus while a few other Bartonella species identified at the time were
grouped into the Rochalimaea and Grahamella genera. Eventually, based on DNA
hybridization and 16S rRNA sequence results, a proposal came forward to merge the
three genera into one phylogenetic group and Bartonella was retained as the genus
name [5, 6]. Currently, more than 30 Bartonella species have been identified and new
species continue to be identified and described in the literature [7].
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Among the Bartonella species, the major human pathogens are B. bacilliformis,
B. quintana, and B. henselae [2, 8, 9]. B. bacilliformis is referred to as the ancestral
species and thus was designated into lineage one. Humans serve as the reservoir host
for this bacterium and infections with this species are restricted to the Andes region in
South America. Sandflies (Lutzomyia verrucarum) are the arthropod vector responsible
for human transmission [10, 11]. Infected humans experience a biphasic disease
progression that includes an acute phase known as Oroya fever and a chronic phase
known as verruga peruana. In the acute phase, infected patients undergo hemolytic
anemia brought upon by the hemolysis of erythrocytes. If not treated properly, the
fatality rate can be high for patients experiencing this phase. However, if patients
manage to survive the acute phase, they can potentially develop vascular tumors
spurred on by proliferation of endothelial cells in the chronic stage of infection [12, 13].
On the other hand, B. quintana is famously known as the etiological agent of trench
fever that caused havoc among soldiers during World War I. Humans are also the
reservoir host for this bacterium and human transmission is carried out by the human
body louse (Pediulus humanus humanus) [4, 13]. In modern times, B. quintana is more
associated with the homeless population, addicts, and refugees [3, 8].
B. henselae was first characterized in a case report in 1992 when the bacteria
were isolated from the blood sample of a HIV-positive patient and the strain was named
after the city in which it was isolated, Houston-1. In addition, 16S rRNA sequence
analysis revealed that the isolated organism was a new species and the name
Rochalimaea henselae was proposed [14]. When the Bartonella genus was merged
with the Rochalimaea genus and Bartonella was retained as the genus name, R.
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henselae was renamed as Bartonella henselae. B. henselae is a zoonotic species due
to the reservoir host being the domestic cat while humans serve as incidental hosts. Cat
fleas (Ctenocephalides felis) are responsible for transmitting the bacteria between cats
[4, 15, 16]. B. henselae bacteria cause an intra-erythrocytic infection in cats, which is
usually bacteremic but asymptomatic. When cats scratch humans, the flea feces that
contain bacteria transfer B. henselae infection to humans via the scratch wound. The
disease manifestation of patients infected with B. henselae typically depends on their
immune

state.

Cat-scratch

disease

(CSD)

is

the

main

manifestation

in

immunocompetent patients following a cat scratch. At the site of infection, a regional
lymphadenopathy usually develops and last for weeks to months. Several other
complications associated with CSD have been reported such as nausea, fever, malaise,
aches, and abdominal pain. In addition, patients afflicted with B. henselae can develop
endocarditis and fever of unknown origin. On the other hand, immunocompromised
patients are usually afflicted with bacillary angiomatosis (BA) following infection [17]. BA
is regarded as a more severe systemic disease in which patients present with skin
lesions that resemble those of Kaposi’s sarcoma. A hallmark characteristic of BA is the
proliferation of blood vessels, leading to vascular tumors that include proliferating
endothelial cells, bacteria, and infiltrates of monocytes and polymorphonuclear
neutrophils [18]. When these lesions are manifested in the liver or spleen, the disease is
called bacillary peliosis [9, 19]. For treatment of B. henselae infection, antibiotics are not
recommended for CSD. If the course of CSD becomes severe, then patients can be
treated with azithromycin, rifampicin, ciprofloxacin, or trimethropim-sulfamethoxazole
[7].
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One of the first descriptions of CSD came from a report by Henri Parinaud in
1889 [20]. Numerous attempts had been made to isolate the organism for the etiological
agent of CSD. In the 1980s, Gram-negative bacilli were observed on the Warthin-Starry
stain and a report was published in 1988 describing the culture of the Gram-negative
bacterium that was later identified as Afipia felis [21]. This report was later challenged
since there was a lack of confirmatory evidence linking this species to CSD. The
connection that BA and CSD might be caused by the same bacteria was found when
the Warthin-Starry staining of bacteria from a BA patient showed similar results with
those of CSD and the sample was seropositive for antibodies against the CSD agent
[22]. The agent of BA was found to be related to B. quintana through sequencing of 16S
rRNA and eventually, both B. henselae and B quintana were isolated from patients with
BA and identified by 16S rRNA sequencing, indicating a causal relationship between
these two Bartonella species with BA [23, 24].
As previously mentioned, Bartonella species cause a persistent intra-erythrocytic
bacteremia within their reservoir hosts [4]. For those that infect humans, the first step is
the colonization of the primary niche, which is hypothesized to be endothelial cells,
where the bacteria reside for 4 to 5 days. During this primary infection, the bacteria
eventually reach maturity in order to invade erythrocytes. Following this brief incubation
period, the bacteria are then released into the bloodstream and begin infecting
erythrocytes, whereby the bacteria start replicating to a certain threshold number and
eventually cause a persistent bacteremia within erythrocytes that can last for several
weeks to months [3, 4, 25]. Several virulence factors that have crucial roles in host cell
interaction have been characterized in B. henselae [3]. An outer membrane protein
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known as Bartonella adhesin A (BadA) exists on the membrane surface and it belongs
to the trimeric autotransporter adhesin family. The role of BadA in B. henselae
pathogenesis has been studied extensively in vitro and is critical for interaction to
extracellular matrix proteins and endothelial cells, inhibition of phagocytosis of the
bacteria, induction of angiogenesis, autoaggregation, and potentially biofilm formation
[26, 27]. In vitro studies show that the expression of badA correlates with a
proangiogenic cell response via activation of HIF-1 and NF-kB, and via the secretion of
vascular endothelial growth factor (VEGF) and IL-8 [18]. However, virtually nothing is
known about how badA is regulated and why some strains express high-levels of badA
and have an autoaggregative phenotype and others express little if any badA and are
not autoaggregative.
Another well-defined virulence factor also exists on the membrane surface and
consists of ten different genes localized to a particular locus on the genome. These
genes encode proteins that when partnered together form the VirB Type IV Secretion
System (T4SS). The VirB T4SS was subsequently shown to be crucial for infection of
the primary niche but not necessary for infection of erythrocytes [2]. The VirB T4SS was
previously revealed to be regulated by the BatR/BatS two-component system at
physiological pH, which allows for this system to be only activated under conditions of
the mammalian host as opposed to the arthropod vector [28]. Later on, this regulation
was found to be part of a complex regulatory network that also includes the RpoH1
alternate σ factor and regulators of the stringent response, SpoT and DksA [29]. A
model was subsequently proposed to describe the activation of the VirB T4SS
depending on nutrient availability within the mammalian host. Early on in the infection, a
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combination of the stringent response and physiological pH allow for DksA to activate
RpoH1 and BatR and trigger the VirB T4SS infection of the primary niche. However,
upon infection of erythrocytes, the activity of the VirB T4SS would not be required and
thus another set of proteins would be needed for erythrocytic infection [29]. The VirB
proteins form a needle-like structure and mediate the translocation of various Bartonella
effector proteins (Beps A-G) into the host cell. These Bep proteins have different
responsibilities in terms of modulating host cell functions. It has been shown that Beps
are involved in the formation of the invasome structure, which consists of bacterial
aggregates mediated by the actin cytoskeleton and are localized on the host cell
surface prior to uptake by the cell. Three Bep proteins were described to facilitate
invasome formation and internalization via two different paths either by BepG itself or by
concerted functions of BepC and BepF [30-33]. BepA, on the other hand, prevents the
host cells from undergoing apoptosis and may potentially mediate the proangiogenic
vascular tumor formation seen in BA pathology [9, 34, 35]. Recently, BepE was
revealed to be required for dissemination of the bacteria from the initial infected site to
the bloodstream [30, 36]. All together, the VirB T4SS and its associated Bep proteins
have been shown to induce various changes in the host cells including: rearrangement
of the actin cytoskeleton, mediation of the formation and internalization of the invasome
structure, activation of the NF-κB pro-inflammatory pathway, and promotion of
endothelial cell survival via inhibition of apoptosis [32-34, 37].
As previously mentioned, the VirB T4SS is involved in infection of the primary
niche and other proteins would facilitate erythrocytic infection. Another T4SS, Trw has
been shown to be important not for the infection of the primary niche, but of
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erythrocytes. Interestingly, this T4SS is found only in Bartonella species that belong to
lineage 4. The genes that encode the various proteins of the Trw T4SS are located on a
single gene locus on the B. henselae genome. During infection of the primary niche, this
T4SS is inactivated by the stringent response protein SpoT and initial induction of the
Trw T4SS can be seen while the bacteria are still inside the primary niche. However, the
Trw T4SS will not be fully activated until after the bacteria have entered the bloodstream
prior to erythrocytic infection [29]. The Trw T4SS is also thought to be involved in the
host-specific interaction mediated by the TrwJ and TrwL pilus proteins between
Bartonella species and erythrocytes [31, 38, 39].
As a zoonotic bacterium, B. henselae must be able to adapt to very diverse
environments such as the cat flea vector where the temperature is low and after a blood
meal the heme is at toxic levels. In contrast in the vertebrate host the temperature is
higher and heme availability is restricted [40]. In other bacteria this rapid adaptation has
been shown to be the results of a global or general stress response network. The
general stress response described in B. quintana, the agent of trench fever, was found
to be responsible for the bacteria’s survival and adaptation in the body louse, which is
rich with toxic heme [40]. In addition, it was shown that the general stress response
sigma factor RpoE is responsible for infection of mice in the closely related αproteobacterium Brucella abortus and thus, is necessary for the bacteria to survive the
stresses in mammalian cells [41]. We have previously shown that the response of B.
henselae to a high temperature shock involves the high temperature requirement (HtrA)
stress response protein. The gene encoding HtrA is transcribed from two independent
promoters, one of which is thought to be recognized by an alternate σ factor, RpoE [42].
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Such ECF σ factors recognize distinct promoter sequences altering the specificity of
RNA polymerase and thereby rapidly mediating shifts in gene expression patterns in
response to environmental cues [43]. The role of alternate σ factors in controlling gene
expression and response to stress in B. henselae remains uncharacterized. In addition,
a complex regulatory network involving an alternate σ factor has been shown to be
central for the adaptation of the Lyme disease spirochete, Borrelia burgdoferi, between
its tick vector and vertebrate host [44]. However, very little is known about how B.
henselae adapts its gene expression profiles to efficiently transition from the conditions
of the cat flea vector to the mammalian hosts. Likewise, the role of RNA in gene
regulation and host adaptation in Bartonella remains unexplored despite the welldescribed role of RNAs in rapidly modulating gene expression profiles in other bacteria.
Here, the role in gene regulation of both the general stress response system as well as
a novel family of RNAs in Bartonella henselae is presented.

1.2. Mechanisms of gene regulation: alternate σ factors and two-component
systems
σ factors are ubiquitous in bacteria and the number of σ factors varies between
species. The role of the σ factor is to bind to RNA polymerase and mediate promoter
recognition and initiation of transcription. In all bacteria species, a single housekeeping
σ factor is responsible for transcribing the genes involved in routine growth and
metabolism. This σ factor is a member of the umbrella sigma-70 (σ70) family, which is
divided into four phylogenetic groups. Group 1 includes the housekeeping σ factors.
The remaining three groups are made up of alternate σ factors that replace the
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housekeeping σ factor under different conditions. Group 2 contains σ factors that are
related to group 1 but are not essential. Group 3 includes σ factors that regulate gene
expression under specific conditions. The largest group of the σ70, group 4, consists of
the extracytoplasmic function (ECF) σ factors [45]. The distinct structural organization of
each of the four groups allows for the categorization of the σ factors into each group.
Group 1 and 2 σ factors domain structure is separated into four regions (1-4). Group 3 σ
factors lack region 1 while group 4 ECF σ factors only retain regions 2 and 4. Both
regions 2 and 4 are responsible for recognition of the -35 and -10 promoter regions,
respectively. Several features of ECF σ factors have been described previously. ECF σ
factors have been shown to auto-regulate their own transcription. Furthermore, ECF σ
factors are co-transcribed with a gene encoding the anti-σ factor that binds to the ECF σ
factor and inhibits its activity under non-activating conditions. The ECF σ factor is only
released from the anti-σ factor under certain activating conditions. ECF σ factors have
further been classified into multiple different sub-groups. The ECF σ factor sub-group 15
will be the focus in this dissertation as this sub-group contains EcfG-like σ factors
(σEcfG), which are σ factors found only in α-proteobacteria. These σ factors are part of
the general stress response system in α-proteobacteria that includes the cognate anti-σ
factor and several other proteins that will be detailed in the next section [43].
Two-component systems (TCS) comprise another type of gene regulation
mechanism. Two-component systems are found throughout all different species of
bacteria and they are involved in multiple pathways. The two components of a TCS
include a histidine kinase and a response regulator. Recognition of various signals from
the environment triggers an ATP-dependent auto-phosphorylation event on the
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conserved histidine residue on the histidine kinase.

This phosphoryl group is then

transferred to a conserved aspartate residue on the response regulator. The phosphoryl
group activates the response regulator and allows it to carry out an effector function,
which in most cases is regulation of gene expression [46]. The kinase core of the
histidine kinase contains a region that harbors the conserved histidine residue called the
Dimerization and Histidine phosphotransfer domain (DHp domain) and a region
responsible for catalysis of the auto-phosphorylation called the Catalytic and ATPbinding domain (CA domain). Histidine kinases also contain diverse sensor domains
that detect various signals from the environment [47, 48]. Response regulators contain
a receiver (REC) domain that harbors the conserved aspartate in the N-terminus and
receives the phosphoryl group from the histidine kinase. Upon phosphorylation, the
REC domain undergoes conformational change and allows the C-terminal effector
domain to carry out a certain output. While the effector domain typically binds DNA and
regulates gene transcription, there are various other effector domains that do not bind
DNA and instead are equipped with other functions such as RNA-binding, enzymatic, or
protein binding [49]. In the next section, a unique system that combines both the
alternate σ factor and a two-component system in which the response regulator
functions via protein binding will be described.

1.3.

The

general

stress

response

in

α-proteobacteria:

origins,

current

development, and future directions
Bacteria are under constant stress from their surrounding environment, which
can include a variety of stressors such as temperature, pH, osmotic shock, nutrient
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availability, and many other diverse environmental stresses that can threaten their
survival [50]. For pathogenic bacteria in which their surrounding environment is the
different host cell systems, the stresses that they encounter can come from the host’s
immune system and at times the bacteria can be in direct competition with the natural
flora already existing inside the host, as well as the body temperature of the host, the
pH inside the host cell, stress from reactive oxygen species imposed upon the bacteria
by the host cell, in addition to the limited available nutrients that can support the
bacterium’s survival [51]. Due to the assault of multiple stress stimuli, the bacteria must
be capable of combating these stresses and eventually adapt to the surrounding
environment in order to survive or even to infect the host cells. Thus, a general stress
response system (GSR) has been acquired by various bacterial species that can protect
the bacteria against the stresses that threaten their survival. Depending on the bacterial
species, the GSR systems can be diverse in terms of their regulatory mechanisms.
Two very well characterized examples of the GSR system have been identified in
Escherichia coli and Bacillus subtilis. In both systems, the main regulator of the stress
response system is the alternate σ factors RpoS and SigB, respectively. The regulatory
mechanisms of both systems have been well studied, with both systems being reliant on
the regulation of the alternate σ factor either at the transcriptional or translational level,
via proteolysis, or by their cognate anti-σ factor [52, 53]. In the case of E. coli, regulation
of RpoS is multi-faceted and depends on the environmental conditions. Under nonstressed conditions, translation of RpoS is inhibited and the available RpoS proteins are
degraded, thus preventing activation of the GSR response. Regulation of RpoS can
occur at either the transcriptional, translation, or even translation level. Translation of
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rpoS is prevented by secondary structure formation at the 5’ untranslated region (UTR)
of the gene, blocking ribosomal binding. This secondary structure can be resolved by
binding of small RNAs (sRNAs) that can base pair to this 5’ UTR region with the help of
the chaperone protein Hfq. There are several sRNAs present in E. coli that can
stimulate rpoS translation depending on the environmental stress being sensed by the
bacterium. Another method of RpoS regulation is at the post-translation level, or
specifically protein degradation. RpoS proteolysis is carried out by ClpXP protease and
mediated by the RssB adaptor protein under non-stressed conditions. In order to
prevent degradation of RpoS, anti-adaptor proteins bind to RssB and inhibit its
interaction with RpoS [52, 54]. In contrast, a different system of SigB regulation exists in
B. subtilis that involves a partner switching mechanism, whereby the binding of the antiσ factor RsbW with either SigB or the anti-anti-σ factor RsbV is regulated depending on
the stress condition of the bacteria. Under normal growth conditions, RsbV is
phosphorylated by RsbW in a feedback mechanism and thereby is rendered inactive
and RsbW then can bind to SigB and inhibits its activity. However, when the bacterium
is stressed, the phosphoryl group is removed from RsbV by its cognate phosphatases
depending on the stress condition, and RsbV can now bind to RsbW, freeing SigB to
activate stress response genes [53, 55].
In both E. coli and B. subtilis, a σ factor serves as the master regulator of the
GSR system [56]. This phenomenon seems to be the case in α-proteobacteria also. The
σ factor controlling the GSR system in α-proteobacteria belongs to the ECF σ factor
family (σEcfG) [43]. In addition, an anti-σ factor (termed NepR) binds to σEcfG and inhibits
the σ factor activity under non-stressed conditions. However, when stress occurs, σEcfG
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is released from NepR in a mechanism that involves the binding of an anti-anti-σ factor
(termed PhyR) to NepR. The competition for NepR between σEcfG and PhyR is
reminiscent of the partner-switch mechanism in B. subtilis [55-57]. PhyR was first
reported in the plant bacterium Methylobacterium extorquens by Gourion et al [58]. In a
search for proteins involved in phyllosphere colonization, a response regulator protein
was found and named PhyR (phyllosphere-induced regulator). Several interesting
characteristics about PhyR were observed. First, the domain structure of PhyR was
different from that of typical response regulators due to the REC domain being Cterminal instead of typically being located at the N-terminus. Secondly, the N-terminal
domain of PhyR resembles a σ factor protein. Thirdly, it was found through a BLAST
search that PhyR was specific to only α-proteobacteria. Furthermore, PhyR was found
to regulate several proteins involved in response to oxidative stress [58]. Thus, this
study identified PhyR as a regulator of the stress response and established one of the
first steps in elucidating the GSR system in α-proteobacteria.
Another piece of the puzzle came from two studies that identified the ECF σ
factor as a stress response regulator in Caulobacter crescentus and Sinorhizobium
meliloti. In S. meliloti, microarray analysis of bacteria under heat shock and stationary
phase stress identified three genes that were up-regulated: rpoE2 (which encodes an
ECF σ factor) and two other genes, one located upstream of and co-transcribed with
rpoE2 and another gene transcribed divergently. Within the same study, the gene cotranscribed with rpoE2 was revealed to be its negative regulator and it was speculated
that this gene encoded a protein that might act as an anti-σ factor of RpoE2 [59]. The
results of this study showed that an ECF σ factor (RpoE2) regulated the response
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against several stress conditions in S. meliloti. Shortly after, another study in C.
crescentus also identified an ECF σ factor (SigT) as the regulator of oxidative and
osmotic stress response. Upon analysis of the amino acid sequences of RpoE2 and
SigT, it was found that these two proteins are highly similar to each other. In addition, a
gene was also found to be co-transcribed with sigT and up-regulated in response to
stress. However, the function of the product of this gene was not elucidated at the time
this study was published [60]. Overall, the result of both studies in C. crescentus and S.
meliloti established an ECF σ factor as one of the regulators of the general stress
response in α-proteobacteria.
Subsequently, a study focusing more on the role of PhyR in stress response in
M. extorquens was reported by the same group that previously identified PhyR in the
same bacterium [61]. Here, PhyR was found to respond to a variety of stresses and to
regulate a large number of genes by microarray analysis. Interestingly, the upstream
region of a subset of these genes regulated by PhyR contained a predicted promoter
region recognized by ECF σ factors. While there was no direct evidence at this point
that PhyR and σEcfG are part of a general stress response system, but it was speculated
of their involvement in the same pathway due to the fact that PhyR was found in
essentially all free-living α-proteobacteria and that both PhyR and σEcfG regulated the
response to stress and the genes they regulated contained ECF promoter motifs. It is
interesting to note that within this study, a microsynteny was observed for several αproteobacteria representatives involving phyR being divergently transcribed from a
small unannotated gene, one of which includes the negative regulator of RpoE2 in S.
meliloti. The gene located downstream of this negative regulator and its homologue in
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other species encodes RpoE2 homologues. In addition, several histidine kinase genes
were noted to be located in the same region [61]. Following the publication of this study,
the search for the GSR system in α-proteobacteria exploded and many studies were
published on this system in the subsequent years that provided detailed insight into the
mechanism of this system and its unique properties that are not found in other GSR
systems.
In 2009, the first report of the GSR system was described and detailed the role of
PhyR and σEcfG, drawn from previous and present observations of the function of these
two proteins. The study established PhyR as a bona fide response regulator capable of
being phosphorylated on its REC domain and that the same domain affects the function
of its N-terminal σ factor-like domain via conformational change. The same study
characterized the function of the gene that encodes a negative regulator of σEcfG and is
divergently transcribed from phyR. It was found that both this negative regulator and
PhyR act in the same pathway due to the fact that they shared a subset of regulated
genes. Based on the results of the studies, this negative regulator was named NepR
(negative regulator of PhyR-mediated response). Even though, PhyR contained a σ
factor-like domain, it was found that the domain responsible for promoter binding is
degenerate and thus the authors of the study proceeded to analyze the action of PhyR
on the protein level. The study revealed that when phosphorylated, the σ factor-like
domain of PhyR directly binds to NepR. In addition, NepR was also found to bind to
σEcfG1, a homologue of RpoE2. Due to NepR having two binding partners, the authors
proposed a partner-switching mechanism based on σ factor mimicry that identifies
NepR as the anti-σ factor of σEcfG1 when the bacteria are not stressed. Upon stress
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stimulation, PhyR is phosphorylated and competes for binding to NepR via its σ factorlike domain, releasing σEcfG1 to bind to RNA polymerase and regulate transcription of
stress response genes [57]. The results of this study paved the way for subsequent
identification of the GSR system in other α-proteobacteria such as Bradyrhizobiuim
japonicum, Sinorhizobium meliloti, Caulobacter crescentus, Sphingomonas sp.,
Rhizobium etli, Rhodopseudomonas palustris, Brucella abortus, and Bartonella quintana
[40, 41, 62-67].
As mentioned earlier, the GSR system in α-proteobacteria is unique compared to
other systems, which is the incorporation of the ECF σ factor with the two-component
system. As described above, the TCS involves a histidine kinase and a response
regulator. In the GSR system of α-proteobacteria, the anti-anti-σ factor PhyR is a
response-regulator like protein that gets phosphorylated by a histidine kinase. However,
the effector domain of PhyR cannot bind to DNA since it lacks the necessary residues
for DNA-binding [57]. Instead PhyR regulates the activity of the NepR anti-σ factor via
protein-protein interaction. It is established that histidine kinases are located in the
vicinity of the GSR gene locus. Histidine kinases predicted to be involved in the GSR
system contain a conserved HRRXN motif in the kinase domain. Collectively, histidine
kinases that have this motif either contain a HisKA_2 domain or HWE_HK domain [55,
56]. While most of the attention has been focused on identifying the GSR system in αproteobacteria, there has been a lack of focus on the proteins responsible for
phosphorylating PhyR until recently. One of the first reports of the involvement of
histidine kinases came from a study in C. crescentus. Here, the PhyK histidine kinase
contains a HisKA_2 domain and regulates stress response by phosphorylating PhyR
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and thus, is a positive regulator of the GSR system [64]. Around the same time period,
another histidine kinase was identified in Sphingomonas sp. However, instead of acting
as a positive regulator, this histidine kinase (named PhyP) negatively regulates the GSR
system and is therefore a phosphatase of PhyR [67]. Another histidine kinase
(HWE_HK family) that acts as a negative regulator was also identified in B. abortus [68].
Interestingly, a histidine kinase in S. meliloti (RsiC) of the HWE_HK family was found to
function as a bifunctional histidine kinase, meaning that the it can act as both a kinase
and a phosphatase [69]. Overall, more research is needed to identify histidine kinases
responsible for phosphorylating/ dephosphosphorylating PhyR in α-proteobacteria.
The diverse environmental cues that determine if the GSR is activated through a
sensor kinase and phosphorylate PhyR so that it can then bind NepR and thus
preventing NepR from binding and inactivating σEcfG include temperature, desiccation,
oxidative, osmotic stress, acid stress, UV, ethanol, and hemin [40, 41, 57, 62, 64, 65,
67]. In general, the specific environmental cues responsible for activating the GSR in αproteobacteria vary with the specific bacterium. Furthermore, the specific sensor kinase
that responds to these cues remains largely unknown. Putative histidine kinase genes
are found adjacent to the genes in the GSR system in almost all α-proteobacteria and it
has been shown that some of these histidine kinase genes are involved in the
phosphorylation and/or dephosphorylation of PhyR [64, 67-69].

Recently, this novel

GSR system was described in B. quintana and shown to be involved in the adaptation
of this bacterium to the lower temperature and higher hemin concentrations of the
arthropod vector, the human body louse. However, the roles of the two histidine kinases
in the general stress response in Bartonella still need to be elucidated [40]. One of the
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main objectives of this dissertation is to report on the GSR system and identify the
histidine kinase that is responsible for either phosphorylating or dephosphorylating
PhyR in the GSR in B. henselae.

1.4. Regulatory RNAs in Bacteria: Various functions and mechanisms in cellular
processes and pathogenesis
In addition to alternate σ factors and two-component systems described above,
there are various other gene regulation mechanisms existing in bacteria and sRNAs
represent one example. sRNAs are small in size (usually 50-250 nucleotides long) and
tend to be non-coding [70]. There are multiple types of sRNAs that differ in terms of the
regulatory mechanisms but overall, sRNAs represents another important type of
regulation in the bacterial cellular processes. With the advance of molecular
microbiology methods and machinery, the identification of sRNAs in various species of
bacteria has been increasing in recent years. The bacteria species in which sRNAs
have been identified include Escherichia coli, Streptococcus pyogenes, Clostridium
perfringens,

Listeria

monocytogenes,

Pseudomonas

aeruginosa,

Chlamydia

trachomatis, Vibrio cholerae and Staphylococcus aureus [70, 71]. The number of
sRNAs and their regulatory activities vary between species. sRNAs can modulate
protein activity or affect mRNA levels and stability and translation into proteins. sRNAs
modulate protein activity by binding to the target protein and either promotes or inhibits
the protein activity. Another type of sRNA targets mRNAs instead of proteins and
represent the largest group of sRNAs known as antisense RNAs. Antisense RNAs
function by base pairing to mRNAs and prevent translation of the mRNA or affect mRNA
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stability, leading to degradation of the mRNA. Antisense RNAs are usually encoded in
cis or in trans relative to the target mRNA. Those that are encoded in cis are located in
the same genomic location as its target mRNA but they are actually transcribed from
opposite DNA strands. The cis-encoded antisense RNAs have extensive homology to
their target mRNA and thus have higher base pairing affinity with their mRNA partner. In
contrast, antisense RNAs that are encoded in trans are not located in the same
genomic region as their target mRNAs and have more limited base pairing capacity due
to lower nucleotide homology with their mRNA partner [70, 72-75]. Recently, another
class of sRNAs known as CRISPR RNAs (Clustered, Regularly Interspaced Short
Palindromic Regions) was identified and shown to confer resistance to bacteriophage in
bacteria. CRISPRs work in conjunction with their associated CAS proteins to cleave
specific foreign DNA [76, 77]. The physiological processes in which sRNAs have been
found to have a regulatory role include carbon metabolism, quorum sensing and biofilm
formation, stress response and adaption to environmental conditions, and pathogenesis
[70, 71, 78-80].
Riboswitches represent another type of regulatory RNA and they modulate gene
expression via RNA secondary structure formation. Riboswitches are found at the 5’
UTR regions of genes and they regulate transcription of the downstream gene via
conformational change. Binding of ligands or metabolites is the primary mechanism
resulting in the formation of functional domains in riboswitches. Thus, the presence of
these ligands and their concentration are the triggers activating a riboswitch.

This

sensing and response to ligands typically results in changes in mRNA secondary
structure, resulting in transcriptional read-through, altered stability of the mRNA or
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changes in translation efficiency thereby affecting modified gene expression [74, 75].
Here we describe a highly transcribed family of nine small RNAs (Bartonella regulatory
transcripts, Brt) that are unique to Bartonella species. All nine of these RNAs are
immediately upstream of a coding region for a protein that is annotated as a helix-turnhelix DNA binding protein/transcriptional regulator. Our data support a role of the Brt
family of RNAs in which they switch on and off a family of downstream DNA-binding
transcription factors (Transcriptional regulatory proteins, Trps) that in-turn modulate a
change in gene expression patterns. The regulon of this unique two-tiered system
includes the key virulence associated gene badA, which is responsible for
autoaggregation, host cell attachment and the proangiogenic host response.
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CHAPTER TWO:
MATERIALS AND METHODS

2.1. Bacterial strains and culture conditions
B. henselae strain Houston-1 [14] was used as the wild-type parental strain upon
which subsequent gene manipulations were performed. Bacteria were either cultured on
heart infusion agar (Remel, Lenexa, KS) supplemented with 1% bovine hemoglobin
(Remel, Lenexa, KS) (also known as chocolate agar) or in Schneider’s insect medium
(Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (GE Healthcare Life
Sciences, Pittsburgh, PA) and incubated for 3-4 days at 37oC in the presence of 5%
CO2 [81]. The pNS2-derived expression vector, which has been shown previously to
replicate in B. henselae [82], was used as a backbone for construction of promoter
reporter plasmids and introduced into B. henselae via electroporation [42]. For bacterial
strains carrying the pNS2 plasmids, 50 µg/ml of kanamycin was supplemented to select
for bacteria colonies that harbor the plasmid. All manipulations of B. henselae have
been approved by the USF Institutional Biosafety Committee.

2.2. Construction of gene deletion mutants of the GSR genes
In-frame deletion mutants of the full length rpoE (BH13830), phyR (BH13850)
and putative histidine kinases (BH13820 and BH13860) were constructed in B.
henselae Houston-1 using the two-step mutagenesis strategy described by Mackichan
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et al. [83]. Briefly, B. henselae genomic DNA was used as template for PCR to generate
two fragments of the gene. The first fragment contained an upstream region and
included a small segment of the 5’ part of the gene to be deleted whereas the second
fragment contained a downstream region and a 3’ segment of the gene. The two
purified PCR products were used as templates for megaprime PCR using only the
forward primer from fragment 1 and the reverse primer from fragment 2. The resulting
product was purified and ligated into the “suicide” plasmid pJM05 at the BamHI
restriction site [83]. The plasmids containing the deleted gene were transformed into
DH12S E. coli and then incorporated into B. henselae Houston-1 by trans-conjugation
[83]. The pJM05 derivative integrated into the B. henselae chromosome by homologous
recombination with the sequences flanking the target gene. Trans-conjugates were
selected by plating on 5% rabbit blood agar supplemented with kanamycin (30 µg/ml),
nalidixic acid (20 µg/ml), and cefalozin (2 µg/ml). The colonies were then counterselected on agar containing 10% sucrose to promote excision of the integrated plasmid
by a second crossover event resulting in replacement of the full-length gene with the
truncated version. PCR was performed on genomic DNA isolated from kanamycinsensitive sucrose-resistant colonies to confirm the knockout genotype. All mutants were
verified by sequencing across the deleted region and by performing RT-PCR to ensure
the absence of the mRNA from the mutant.

2.3. Bioinformatic analysis
The domain structures of PhyR and the B. henselae ECF sigma factor RpoE
were analyzed using the NCBI Conserved Domain Database [84-87]. The amino acid
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sequences of PhyR and RpoE were aligned with other α-proteobacterial species using
the CLC Sequence Viewer program (CLC bio, Boston, MA).
Brt 1-9 transcription start and stop sites were determined by RNA-Seq. Brt
nucleotide and Trp nucleotide and amino acid sequences were obtained from the B.
henselae Houston-1 sequence from NCBI. Nucleotide sequence alignment and percent
identity was carried out using the multiple sequence alignment tool (MUSCLE) from
EMBL-EBI [88]. RNAfold was used to predict the secondary structures of individual Brt
nucleotide sequences [89]. The Gibbs minimum free energy (ΔG) was calculated based
on predicted secondary structure to indicate the stability of the predicted structure.
Individual Brt nucleotide sequences were searched against the NCBI database to find
related sequences in other bacteria species. Rho-independent terminators at the 3’ end
of each Brt RNA were predicted using the TransTermHP program. The CLC Sequence
View 6 (CLC bio, Boston, MA) software was used to align Trp amino acid sequences
and for phylogenetic analysis.

2.4. Hemin exposure
B. henselae Houston-1 strain was cultured in Schneider’s medium with or without
addition of hemin to mimic the conditions of the cat flea vector (28oC with 5 mM hemin)
or the vertebrate host (37oC with 0.05 mM hemin) [90]. The bacteria were also grown in
Schneider’s medium at the two temperature conditions without the addition of hemin.
For the GSR experiments, qRT-PCR analysis was performed to determine the
transcription of the GSR genes under different conditions that mimic the different B.
henselae hosts. The regulatory role of the GSR system in the bacteria’s ability to
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respond to toxic heme was analyzed through transcription of genes encoding hemebinding proteins (Hbps). Additionally, transcription of the badA gene, which encodes an
adhesin responsible for interacting with the host endothelial cells, was also analyzed in
bacteria under hemin stress. As previously described, bacteria were cultured with 1 mM
hemin at either 28oC or 37oC in the presence of 5% CO2 [40]. qRT-PCR analysis was
performed to determine the transcription of badA and hbps when the bacteria are
assaulted with a toxic concentration of hemin.
To prepare hemin solution, hemin (Frontier Scientific, Logan, UT) was dissolved in
0.1N NaOH and filtered through a 0.22-µm filter to remove any undissolved hemin. The
concentration of the hemin solution was then measured by reading the OD572 of the
solution. The hemin concentration was calculated based on the OD572 of 5.5 of a 1 mM
hemin solution [91]. The hemin solution was wrapped with aluminum foil to keep out
light and stored at 4oC and used within a week.

2.5. RNA isolation
For GSR experiments, bacteria were resuspended in Trizol reagent (Thermo
Fisher Scientific, Grand Island, NY) and total RNA was extracted by phenol-chloroform
extraction according to the manufacturer’s instructions. The RNA was precipitated and
the RNA pellet was resuspended in nuclease-free water. The RNA was subsequently
treated with DNase using the Turbo DNA-free kit (Thermo Fisher Scientific, Grand
Island, NY) according to the manufacturer’s protocol to remove any contaminating DNA.
The yield and quality of the extracted total RNA was evaluated by measuring the
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ultraviolet (UV) absorbance using the ND-1000 nanodrop spectrophotometer (Thermo
Scientific, Wilmington, DE) and by agarose gel electrophoresis.
For RNA-Seq, B. henselae Houston-1 was cultured in Schneider’s liquid media at
37oC, 5% CO2 to exponential phase (3-day-old) and collected by centrifugation for RNA
extraction. The bacteria were exposed to RNAProtect Cell Reagent (Qiagen, Hilden,
Germany) and pelleted and frozen at -80oC. The pellets were thawed at 4oC before
RNA isolation. Total RNA was extracted using the RNeasy Mini Kit (Thermo Fisher
Scientific, Waltham, MA). Following extraction, RNA was treated with Turbo DNase from
Ambion (Thermo Scientific, Waltham, MA). RNA quality was analyzed using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).

2.6. cDNA synthesis and qRT-PCR
The DNAse-treated RNA (1µg) was reverse transcribed into cDNA in a 20-µl
reaction using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Real-time PCR
was performed using the iCycler iQ real-time PCR detection system (Bio-Rad, Hercules,
CA). Each reaction was performed in a 25 µl volume containing 2 µl of cDNA, 12.5 µl of
2X Maxima SYBR Green/Fluorescein qPCR Master Mix (Thermo Fisher Scientific,
Grand Island, NY) and 300 nmol of each primer. All reactions were performed in
triplicate, and 50S ribosomal protein L4 (rplD) was used as endogenous gene for
normalization. Cycling parameters were 95oC for 3 min, followed by 40 cycles of 95oC
for 10s and 60oC for 30s, 95oC for 45s, 55oC for 1 min. Melting curve analysis was
performed to confirm that no primer dimers were amplified. Results were analyzed using
the comparative CT method (2-∆∆Ct) [92].
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2.7. RNA-Seq
To remove Ribosomal RNA (rRNA) for RNA-Seq, Oligo Magbeads from the
Ambion MICROBExpress Kit (Thermo Fisher Scientific, Waltham, MA) that hybridize
with the 16S and 23S rRNAs were used. The RNA sample was analyzed on the
Bioanalyzer to monitor removal of rRNAs. The subsequent RNA processing was done
using the Ion Total RNA-Seq Kit v2 (Thermo Fish Scientific, Waltham, MA). The
enriched RNA was fragmented with RNase III and run on the Bioanalyzer to analyze the
size of the fragmented RNA. The fragmented RNA was then reverse transcribed into
cDNA and used as a template for sequencing using an Ion Torrent Personal Genome
Machine (Thermo Fisher Scientific, Waltham, MA). The sequenced transcriptome was
aligned to the B. henselae Houston-1 reference genome from NCBI [93]. Data analysis
was carried out using the CLC Genomics Workbench platform (CLC bio, Boston, MA).

2.8. Construction of promoter reporter plasmids
The lacZ reporter gene encoding the β-galactosidase enzyme from E. coli was
previously ligated into the pNS2 plasmid downstream of the strong trc promoter [82].
For GSR experiments, the divergent nepR and phyR promoters were PCR amplified
from B. henselae genomic DNA and ligated into the pNS2 plasmid to replace the trc
promoter at the SalI and BamHI restriction sites. The plasmid was introduced into
DH12S E. coli and positive colonies were screened by kanamycin selection (50 µg/ml)
and PCR screening. The plasmid was extracted from positive colonies and
electroporated into B. henselae Houston-1. Colonies harboring the plasmid was
selected on kanamycin agar plates (25 µg/ml) and PCR screened to confirm the
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presence of the PCR insert. For Brt promoters, individual forward primers were
designed to amplify specific regions upstream of the Brt predicted promoters. A
conserved reverse primer was designed to amplify the 5’ end of the Brt downstream of
the predicted promoter. The trc promoter in the pNS2-derived plasmid was replaced
with predicted Brt promoters. The trc promoter was removed from the plasmid with the
SalI and BamHI restriction enzymes and the predicted Brt promoters were amplified
from B. henselae Houston-1 genomic DNA and directionally ligated into the pNS2
plasmid using the same restriction sites engineered into the 5’ ends of the PCR primers.
The plasmid was then electroporated into B. henselae Houston-1 and confirmed by
sequencing and PCR amplification.

2.9. β-galactosidase assay
β-galactosidase assays were performed using the protocol previously described
by Miller [94]. Bacteria were grown in Schneider’s liquid medium and collected by
centrifugation. The pellets were resuspended in 1 ml of Z-buffer (0.06 M Na2HPO4, 0.04
M NaH2PO4, 0.01 M KCl, 0.001 M MgSO4, and 0.05 M β-mercaptoethanol). 100 µl of
the bacterial suspension was transferred to a 96-well microtiter plate and the OD600 was
measured using a plate reader. The remaining bacterial suspension was used for cell
lysis with 50 µl chloroform and 25 µl of 0.1% SDS. The cells were lysed for 5 minutes at
28oC. Following lysis, 100 µl of the lysate was transferred to a 96-well microtiter plate.
The substrate, o-nitrophenyl-β-D-galactoside (ONPG) (Sigma, St. Louis, MO), was used
for hydrolysis by β-galactosidase into galactose and ortho-nitrophenol, which exhibits a
yellow color, can be spectroscopically measured by monitoring the absorbance (OD) at
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420 nm (OD420). 20 µl of ONPG was added to each well and the reaction was
proceeded for 3 minutes before the reaction was stopped with 1M Na2CO3. The reaction
was quantified at OD420 to measure the absorbance of o-nitrophenol and at OD550 for
cell debris scattering. The Miller Units were calculated using the following formula: 1000
×

!"!"#! !.!"×!"!!"
!×!×!"!""

, where t = reaction time in minutes and v = volume of culture in ml.

2.10. Northern blots
A 29-base oligonucleotide (CCCGGAATACCAATGCGAGGGCGCTCGCA) was
designed to a conserved sequence found in all nine Brts. The probe was labeled with [γ32

P]ATP using T4 Polynucleotide Kinase (Promega, Madison, WI). Unincorporated [γ-

32

P]ATP was then removed using a QIAquick Nucleotide Removal Kit (Qiagen, Hilden,

Germany). B. henselae Houston-1 was cultured in Schneider’s medium to exponential
phase (3-day-old). The bacteria were then exposed to different temperatures and hemin
concentrations representative of biological conditions of the cat flea vector (5 mM hemin
at 28oC) or the human host (0.05 mM hemin at 28oC) for 4-5 hours. Bacteria exposed to
the different temperatures without addition of hemin were used was controls. Total RNA
was isolated with the RNeasy Mini Kit and treated with Turbo DNase. 4 µg of DNasetreated total RNA was separated on a 10% denaturing acrylamide mini gel. The gel was
transferred to an Immobilon-Ny+ Membrane (Millipore, Billerica, MA). Following transfer,
the RNA was UV cross-linked to the membrane. Prior to hybridization, the membrane
was pre-hybridized in Ambion ULTRAhyb-Oligo Buffer at 42oC for 1 hour. The labeled
probe was denatured by heating at 95oC for 5 minutes and added to the membrane to
allow for hybridization overnight at 42oC in a hybridization oven. After hybridization, the
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membrane was washed for 15 minutes each at 42oC sequentially with: 2X SSC, 1X
SSC, and 0.5 SSC. The membrane was then exposed to a phosphoimager screen
overnight. The image was developed using a Typhoon 9410 (GE HealthCare,
Pittsburgh, PA). Densitometry analysis was carried out using the ImageQuant 5.2
software (GE HealthCare, Pittsburgh, PA).

2.11. Overexpression plasmid construction
Forward primers for individual Trps were designed starting from the second
codon of the gene and were ligated into pNS2-Trc in-frame with the 6X His-tag
upstream of the multiple cloning site to create an overexpressing Trp His-tag fusion
protein. The plasmids were electroporated into B. henselae Houston-1.

The fusion

protein was then confirmed by western blot using antibody against the 6X His-tag. The
overexpression constructs were then used to assess their effect on virulence of the
bacteria. The transcriptions of the badA and virB genes were analyzed by qRT-PCR to
determine the effect of the overexpressing Trps on genes involved in virulence. In
addition, the overexpressing Trps were tested for their role in biofilm formation.
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CHAPTER THREE:
RESULTS: THE GENERAL STRESS RESPONSE

3.1. Gene synteny within the GSR of B. henselae and other α-proteobacteria
In this study, it was shown that the GSR system exists in B. henselae and
exhibits the conserved gene synteny described of the GSR genes previously in which
nepR and phyR are divergently arranged and rpoE, the gene encoding σEcfG, is located
downstream of nepR. (Fig. 1) [55, 56]. In addition, two genes were found in the vicinity
that encode histidine kinases, one harboring a HisKA_2 domain and the other a
HWE_HK domain, are downstream of rpoE and phyR, respectively. It has been shown
that some of these histidine kinases either phosphorylate or de-phosphorylate PhyR
[68, 69, 95].
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Figure 1: Gene synteny is conserved in B. henselae and other α-proteobacteria.
The described gene synteny involves the phyR and nepR genes being divergently
arranged and the gene encoding σEcfG is located downstream of nepR. In some cases,
genes encoding histidine kinases are also located in the vicinity. In B. henselae, two
histidine kinase genes are located both downstream of rpoE and phyR. Abbreviation of
species name: Bartonella henselae (Bh), Bartonella quintana (Bq), Brucella abortus
(Ba),

Bradyrhizobium

diazoefficiens

(Bd),

Caulobacter

crescentus

(Cc),

Methylobacterium extorquens (Me), Rhizobium etli (Re), Rhodopseudomonas palustris
(Rp), Sinorhizobium meliloti (Sm).
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3.2. The B. henselae GSR is transcribed as two divergent transcripts
We wanted to determine if the GSR operon structure is similar or identical for this
locus in B. henselae compared to other α-proteobacteria by performing RT-PCR of the
GSR genes. Using primers to amplify the products that would include the end of one
gene, the intergenic region, and the beginning of the next gene, we wanted to ensure
that the genes are transcribed on the same mRNA (Fig. 2). Following RT-PCR, we
separated the PCR product using gel electrophoresis. A band signifying the PCR
product could be seen in the lane containing the RNA with reverse transcriptase (lane 1)
that has the same size as the genomic DNA control (lane 4), while no product was seen
in the RNA without reverse transcriptase (lane 2) or the no template control (lane 3),
indicating that the product seen in lane 1 is not due to any other DNA contaminant. We
would expect that if the genes share a promoter, then they would be transcribed
together from the same promoter on a single transcript. Thus the RT-PCR results allow
us to determine whether these genes share the same promoter and are thus cotranscribed. Therefore, we would expect that primers designed to amplify two gene
products of a transcript to produce a single DNA band, indicating successful
amplification of the two gene products. An amplification product was seen for all of the
primer sets, indicating that the primer was able to base pair with the mRNA transcript
and initiate extension of the new PCR strand. The RT-PCR results suggest that the
HisKA_2 gene, rpoE, and nepR are co-transcribed from the same promoter while phyR
and the HWE_HK histidine kinase gene are transcribed from another promoter. In
addition, we found predicted divergent ECF promoter motif (GGAAC…GTT) [43] within
the intergenic region between the nepR and phyR genes (Fig. 3). These results indicate
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an operon structure that appears to be identical to that seen for the GSR gene in B.
quintana [40]. However, the presence of shorter transcripts or initiation of transcription
from secondary promoters cannot be ruled out based on these results. It is possible that
there are non-ECF promoters located within this intergenic region. It was shown in B.
quintana that a secondary promoter was found upstream of phyR but not upstream of
nepR although this was not elucidated [40].

Figure 2: The GSR genes are transcribed on two divergent contiguous mRNA
transcripts in B. henselae. The RNA was extracted from B. henselae, treated with
DNase, and converted into cDNA using reverse transcriptase. For the PCR, different
templates include RNA with reverse transcriptase (lane 1), RNA without reverse
transcriptase (lane 2), no template (lane 3) and genomic DNA from B. henselae
Houston-1 (lane 4).
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Figure 3: Predicted ECF promoter motifs upstream of phyR and nepR. Within the
166-bp intergenic region between phyR and nepR, two divergent predicted ECF
promoter motifs are found.

3.3. PhyR and σEcfG amino acid sequences and domain structures are conserved
in B. henselae
We wanted to compare the amino acid sequence and domain structure of B.
henselae PhyR and RpoE to that of other α-proteobacterial species (Fig. 4). When we
aligned the B. henselae PhyR amino acid sequence with PhyR in other αproteobacteria, we found that PhyR has the highest identity to PhyR in B. quintana
(96.77% identity), which is not surprising due to the two species being members of the
Bartonella genus. Compared to the other α-proteobacteria, B. henselae PhyR sequence
is less conserved (the lowest is 49.10% identity to Bradyrhizobium diazoefficiens) but
this is probably due to the more distant lineage of B. henselae to the other α34

	
  
	
  

proteobacteria. Overall, there is still a high degree of conservation among the αproteobacterial PhyR proteins based on the sequence alignment and the percent
identity calculation. Like other α-proteobacteria, B. henselae PhyR contains a C-terminal
receiver (REC) domain, which is the domain where phosphoryl transfer occurs (Fig. 4a).
This organization differs from typical response regulators where the REC domain is Nterminal [47]. Another observed difference of PhyR and other response regulators is the
N-terminal σ factor-like domain of PhyR. This domain has sequence similarity to σ factor
proteins but rather is incapable of binding DNA due to the lack of DNA-binding residues
[56]. σ factor mimicry is the proposed mechanism by which the ECF σ factor is activated
in the GSR system of α-proteobacteria. The similarity of the N-terminus of PhyR to the σ
factor can explain the binding competition of both PhyR and RpoE for NepR.
The RpoE protein of B. henselae, on the other hand, belongs to the σECF family of
σ factors. σECF are categorized into the σ70 group. Typical σ-70 sigma factors, such as
housekeeping σ factors, contain four distinct regions (termed regions 1-4). Regions 2
and 4 bind to RNA polymerase and also assist the protein in recognizing the -10 and 35 promoter motif upstream of genes, respectively. Although a member of the σ70group,
σECF lacks regions 1 and 3 and instead only harbor the two regions responsible for
promoter binding, regions 2 and 4 [43]. Upon analysis, the RpoE structural organization
in B. henselae belongs to the σECF family due to the presence of only regions 2 and 4.
Based on the genomic organization, the protein can be categorized into the σECF15
group, where the σ factor is co-transcribed with its cognate anti-σ factor, nepR, and the
phyR gene is divergently transcribed [43]. When the amino acid sequence of RpoE is
compared to that of other α-proteobacteria, the sequence similarity can be observed
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(the percent identities range from 55.72% to 82.08%) (Fig. 4b). Due to a similar system
previously described in B. quintana and that the PhyR and RpoE proteins have been
confirmed to be homologous to those of other α-proteobacterial species, it is reasonable
to state that the GSR system is also present in B. henselae.
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Figure 4: GSR PhyR and σEcfG are conserved in B. henselae. B. henselae PhyR and
RpoE amino acid sequences were aligned with those of other α-proteobacterial species
and percent identities were calculated based on the sequence alignment. The heat map
shows the amount of conservation throughout the amino acid sequences among the αproteobacterial species. Red areas indicate more conservation whereas black areas
indicate less conservation. A) PhyR share sequence similarity with other PhyR as well
as similar domain structures. B. henselae PhyR contains a receiver (REC) domain at
the C-terminus and the N-terminus of PhyR contains a σ-factor like domain. B) RpoE in
B. henselae belongs to the σECF sub-group, as is the case of the alternate σ factor
involved in the GSR system of other α-proteobacterial species. B. henselae RpoE
contains only regions 2 and 4 and lacks regions 1 and 3, which is characteristic of σECF
structural organization. Furthermore, B. henselae RpoE shares amino acid sequence
similarity with other α-proteobacterial GSR ECF sigma factor proteins.
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3.4. B. henselae GSR system is auto-regulated by RpoE and PhyR
It was previously described that the GSR genes auto-regulate their own
transcription in other α-proteobacteria [43, 59, 60]. We wanted to determine whether this
is also the case in B. henselae by testing whether the RpoE and PhyR proteins will
affect the activities of the nepR and phyR promoters upstream of the divergent operons.
We constructed deletion mutants of the rpoE and phyR genes as described in
subsection 2.2 of Materials and Methods. We electroporated pNS2 plasmids harboring
a lacZ reporter gene that is driven by either a by nepR or phyR promoter into the
deletion mutants and performed β-galactosidase activity assays to determine the
strength of the promoters in driving lacZ transcription. The transcription of lacZ should
affect the synthesis of β-galactosidase enzymes and thus its activity should be
proportional to the hydrolysis of the enzyme substrate, ONPG. We would expect that
once the genes are deleted from the chromosome, the nepR and phyR promoters would
have decreased activity as σEcfG and PhyR are positive regulators of the GSR system in
other α-proteobacteria [62, 63, 96]. Our results show that when rpoE and phyR are
removed from the B. henselae genome, their respective promoters have decreased βgalactosidase activity compared to our WT strain, which has fully functional RpoE and
PhyR proteins (Fig. 5). The results are in agreement with previous reports and we can
conclude that both PhyR and RpoE are positive regulators of the GSR system in B.
henselae.
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Figure 5: RpoE and PhyR auto-regulates expression of GSR genes. The activities
of the nepR (A) and phyR (B) promoters were analyzed by measuring the enzymatic
hydrolysis of ONPG by β-galactosidase in different knockout constructs of the rpoE and
phyR genes compared to the wild-type (WT). The promoters upstream of both nepR
and phyR have decreased β-galactosidase activity in both ΔrpoE and ΔphyR compared
to WT at 37oC.
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3.5. Transcription of the GSR genes is up-regulated in conditions mimicking the
cat flea vector
In order to determine whether the GSR genes of B. henselae are required to
adapt to the conditions that mimic the arthropod vector, we incubated the bacteria with
hemin under temperatures mimicking that of the cat flea (5 mM hemin at 28oC) and the
vertebrate host (0.05 mM hemin at 37oC) and analyzed the transcription levels of the
GSR genes (Fig. 6). We found that under the conditions mimicking the cat flea vector,
the GSR genes are up-regulated compared to conditions mimicking the vertebrate host,
indicating that heme is one of the factors that can activate this system in B. henselae.
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Figure 6: Transcription of GSR genes is increased under conditions mimicking
the cat flea vector. WT bacteria were grown in Schneider's medium and exposed to
either 5 mM hemin at 28oC or 0.05 mM hemin at 37oC. Total RNA was extracted,
treated with DNase, and converted into cDNA, and qRT-PCR was performed.
Quantification of each gene was normalized against the rplD housekeeping gene and
the relative copy number (RCN) of each gene under different conditions was analyzed.
The RCN value represents the ratio of the copy number of each GSR gene compared to
that of rplD. Transcription of each GSR gene is increased at 5 mM at 28oC, the
condition that mimics the cat flea vector.
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3.6 Differential transcription of badA and genes encoding heme-binding proteins
modulated by the GSR system in B. henselae
BadA is an adhesin responsible for interaction with endothelial cells in the human
host, making the protein an important virulence factor during B. henselae pathogenesis
[26]. We wanted to determine whether the GSR system would affect the expression of
badA under various hemin concentrations and different biologically relevant
temperatures (cat flea vectors have a cooler internal temperature at 28oC compared to
the higher body temperature at 37oC in the vertebrate host) [97]. The qRT-PCR results
reveal that badA transcription is increased when the rpoE gene is deleted from the B.
henselae genome at both temperatures. However, transcription of badA is higher at
37oC than at 28oC, suggesting that at the temperature of the vertebrate host, the GSR
negatively regulates badA (Fig. 7). This negative regulation of badA by RpoE can be
due to the tradeoff between survival and virulence. When the bacteria are stressed, the
immediate action would be for the bacteria to turn on the GSR system for protection and
adaptation. In order to efficiently regulate genes that are required for stress response
without utilizing too much resource, the bacteria would need to deregulate certain
processes that are not required for stress response. While BadA is an important
virulence factor required for host response, it may not be necessary for the bacteria
under stress and thus transcription of the gene may be negatively regulated by RpoE.
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Figure 7: Transcription of badA in ΔrpoE compared to the wild-type (WT) strain.
Quantification of badA was normalized against the rplD housekeeping gene and the
relative copy number (RCN) under different conditions was analyzed. The RCN value
represents the ratio of the copy number of the badA gene compared to that of rplD.
Transcription of badA is higher in ΔrpoE compared to WT at both temperature
conditions, although the transcripts are higher under conditions at 37oC compared to
those at 28oC. Higher transcription of badA in ΔrpoE suggests that this σ factor
negatively regulates transcription of badA.
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B. henselae is a vector-borne pathogen whose vertebrate hosts include the
domestic cat reservoir and humans are only incidental hosts. The arthropod vector
responsible for transmitting the bacteria between cats is the cat flea vector [18]. It has
been described that heme concentration is one of the noticeable differences between
the cat flea vector and the vertebrate host, with the heme concentration in the cat flea
vector being much more toxic than in the vertebrate host [98]. This toxic concentration
can be detrimental to most species of bacteria, but B. henselae has retained the ability
to survive in this unfavorable condition. One of the mechanisms that the bacteria can
potentially use to prevent the toxic heme from destroying the cells is via regulation of
stress response by the GSR system. Several genes encoding Hbps (A, B, C, and D) are
found on the B. henselae genome, and these proteins represent one of the mechanisms
that bacteria can use to combat the toxic effects of heme [98]. Since Hbps mediate the
binding of toxic heme that can be harmful to the bacteria, they can potentially be
regulated by the GSR system. Upon qRT-PCR analysis of the four hbp genes in B.
henselae, we found that RpoE positively regulates hbpA and hbpC at both
temperatures, with the differences being more obvious at 28oC (Fig. 8a & 8c). The
results indicate that RpoE affects binding of heme by Hbps A and C under temperatures
relevant to the cat flea vector. On the other hand, transcription of hbpB and hbpD is
higher in ΔrpoE at 37oC, the temperature of the vertebrate host, indicating that these
genes are negatively regulated by RpoE under conditions relevant to the vertebrate host
(Fig. 8b & 8d). Our studies show that the GSR system affects transcription of genes
encoding Hbps either positively or negatively in B. henselae depending on the host
temperature conditions.
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Figure 8: Differential transcription of genes encoding Hbps. Bacteria were grown in
1 mM hemin and incubated at either 28 oC or 37 oC [34]. qRT-PCR of the genes
encoding Hbps A (a), B (b), C (c), and D (d) were performed.
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3.7. BH13820 (HisKA_2 domain) is a positive regulator of the GSR system in B.
henselae
While the three central proteins (NepR, PhyR, and σECF) of the GSR system have
been well characterized, histidine kinase genes are found in the vicinity of the GSR
locus but there is less attention on their roles in the GSR system. In B. henselae, two
genes encoding histidine kinases that harbor domains unlike those of typical histidine
kinases, e.g. HisKA_2 and HWE_HK, are located downstream of both rpoE and phyR,
respectively. These histidine kinases have previously been shown to regulate the GSR
system

in

other

α-proteobacterial

species

either

via

phosphorylation

or

dephosphorylation [64, 67-69]. While the GSR system has been described in another
Bartonella species [40], the role of histidine kinases has not been elucidated. In this
study, a deletion mutant of the histidine kinase harboring a HisKA_2 domain was used
to assess promoter activity. Based on the β-galactosidase assay results, the nepR and
phyR promoter activities are decreased in the HisKA_2 histidine kinase deletion mutant
compared to WT, indicating that the histidine kinase harboring a HisKA_2 domain could
be a potential kinase of the GSR system in B. henselae and thus a positive regulator of
the GSR system (Fig. 9). Furthermore, despite multiple attempts we were unable to
electroporate either of the promoter plasmids into the HWE_HK histidine kinase deletion
mutant. The reasons for this are unclear and do not appear to be technical since we
had no difficulty introducing these plasmids into phyR, rpoE and HisKA_2 histidine
kinase deletion mutants. It may be possible that this histidine kinase plays a vital role
regulating genes involved in plasmid replication or stability.
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shown that heme does not affect transcription of this gene (Fig. 6), it is possible that this
histidine kinase does not play a role in activation of the GSR.

Figure 9: BH13820 (HisKA_2) positively regulates the GSR system. The activity of
the promoters upstream of nepR and phyR is decreased when the gene is deleted from
the B. henselae genome, indicating that BH13820 is a potential kinase that
phosphorylates PhyR.
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CHAPTER FOUR:
REGULATORY RNAs IN BARTONELLA

4.1. RNA-Seq reveals nine unannotated highly transcribed short RNAs
The transcriptome of B. henselae, grown under standard growth conditions in
Schneider’s liquid medium at 37ºC with 5% CO2 as previously described [81], was
examined using RNA-seq. While the depth of coverage was low due to difficulties in
removing all of the rRNA, it was not difficult to discern highly transcribed genes. In
addition to remaining 5S, 16S and 23S rRNA, several small RNAs were shown to be
highly transcribed. Specifically, a group of nine short RNAs, that are not annotated in
the published genome [99] or subsequently analyzed genome, were noted to be highly
transcribed (Fig. 10a). These RNAs varied in size from 193-203 nucleotides and were
transcribed from noncoding regions of the B. henselae genome that did not map to or
overlap any known genes (Table 1). The RNAs were designated Brt1 through Brt9 (for
Bartonella regulatory transcript) to identify each non-coding RNA.

Based on the

quantitative data obtained from the RNA-Seq, the RPKM (Reads Per Kilobase of
transcript per Million mapped reads) were far higher (> 10 fold) for Brt1 than for any of
the other RNAs indicating that more copies of this RNA were present than for Brt2-Brt9
combined (Fig. 10b). The level of transcription of Brt1 was among the five most highly
transcribed RNAs in B. henselae that we detected by RNA-Seq (excluding the
remaining rRNAs).
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Table 1: Genomic coordinates of Brt RNAs in B. henselae

Brt

Size (bp)

Genomic Start

Genomic End

1

193

1439058

1439251

2

203

1552331

1552533

3

200

1559133

1559332

4

200

1626162

1626361

5

200

1632032

1632231

6

195

1642011

1642205

7

195

1642823

1643017

8

202

1643670

1643871

9

200

1715820

1716019
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Figure 10: Brt family of RNAs identified from the RNA-Seq results in B. henselae
Houston-1. (A) RNA-Seq reads for the nine Brt RNAs. (B) RPKM was calculated for
each of the Brt RNAs. RNA was extracted from the B. henselae Houston-1 strain grown
in Schneider’s liquid medium at 37oC without supplemental hemin.
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4.2. Sequence conservation and predicted secondary structure of the nine Brt
family of RNAs
Nucleotide sequence alignment of the coding regions for Brt1-Brt9 reveals a high
level of conservation across the length of Brt1-9 with the highest levels in the middle
(Fig. 11a, green box) and at the 3’ terminus (Fig. 11a, red box). Each Brt was
examined for predicted secondary structure using the RNAfold program and all nine
were shown to have extensive possible base-pairing with the most stable loop and stem
structures varying from ΔG= -85.5 kcal/mol to ΔG= -56.7 kcal/mol.

The predicted

secondary structure for Brt1 included a putative aptamer/cofactor binding region (Fig.
11b, green oval) and a potential riboswitch region (Fig. 11b, red oval). It should be
noted that each of the nine Brts could be seen to have considerable base pairing near
these same central and 3’ terminal regions. A search of the Brt nucleotide sequence
through several prediction programs (e.g. RibEx, Riboswitch Finder, RegRNA, RegRNA
2.0, and Rfam) revealed that the putative aptamer did not belong to any of the wellcharacterized riboswitch aptamers. As such, the putative Brt aptamer did not exhibit any
conserved structure of the existing riboswitch families. While no known aptamer domain
was identified via the prediction programs, this region (Fig 11b, green oval) of the Brt
RNA can form several stem-loop structures. It is known that the aptamer domains of
riboswitches must be able to bind ligands and undergo conformational changes upon
ligand binding [100]. Therefore, we must consider that this putative cofactor-binding
region may potentially undergo a similar structural change mechanism as other
aptamers upon binding of the cognate cofactor. Potential cofactor partners of this
putative aptamer will need to be identified and structural studies elucidating the
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conformation of the riboswitch under both bound/unbound states will need to be
subsequently performed. The results of this search could mean that this region of
extensive secondary structure as predicted by RNAfold may belong to a new family of
aptamers with cofactors that have yet to be identified and that they may be restricted to
Bartonella species. Furthermore, putative Rho-independent transcriptional terminators
of individual Brts were predicted via the TransTermHP prediction program (Table 2)
[101]. Interestingly, the predicted base pairing stem (Table 2, red highlight) and loop
(Table 2, blue highlight) structure matches the 3’ stem and loop structure (Fig. 11a,
red box and Fig. 11b, red oval) predicted by RNAfold. Taken together, the highly
transcribed Brts ranged in size from 193-203 nucleotides and with extensive predicted
secondary structure are suggestive of cis-acting riboswitch containing RNAs.
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Figure 11: Sequence alignment and secondary structure prediction of Brt RNAs.
(A) All nine nucleotide sequences of Brts were aligned. The putative aptamer/cofactor
binding region is indicated (green box) and the potential 3’ riboswitch region is shown
(red box) (B) Predicted secondary structure of the Brt1. Brt1 is capable of forming
multiple complex secondary structure the most stable of which is depicted. The putative
aptamer/cofactor binding region (green oval) and riboswitch region (red oval) are
shown.
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Table 2: Predicted Rho-independent terminators of Brt RNAs

Brt

Start

End

Sequence

1

1439220

1439258

CCCGGAATACCAACGCGAGGGCGCTCGCACCCGGTGGGG

2

1552324

1552364

CTCCCGGAATACCAATGCGAGGGCGCTCGCAACCGGCGGGG

3

1559126

1559166

CTCCCGGAATACCAATGCGAGGGCGCTCGCAACCGGTGGGG

4

1626328

1626368

CTCCCGGAATACCAATGCGAGGGCGCTCGCAACCGGCGGGG

5

1632198

1632238

CTCCCGGAATACCAATGCGAGGGCGCTTGCAACCGGCGGGG

6

1642172

1642212

CTCCCGGAATACTAATGCGAGGGCGCTCGCACCCGGTGGGG

7

1642984

1643024

CTCCCGGAATACCAATGCGAGGGCGCTCGCACCCGGTGGGG

8

1643838

1643878

CTCCCGGAATACCAATGCGAGGGCGCTCGCACCCGGTGGGG

9

1715986

1716026

CTCCCGGAATACCAATGCGAGGGCGCTCGCAACCGGCGGGG

4.3. The Brt RNAs are genus-specific but vary in copy number among other
Bartonella species
Bioinformatic analysis of the nine Brts indicated that they appear to be unique to
the genus Bartonella as no similar sequences were found in other α-proteobacteria or
any other bacteria. Each individual Brt sequence was blasted against the NCBI
database and results revealed only Bartonella species had significant nucleotide
similarities to the B. henselae Brt sequences and no other species outside of the
Bartonella genus. The copy number of the Brt family varied among Bartonella species
from nine copies found in B. henselae, thirty-three to thirty-four in B. tribocorum, twentysix plus one found on a plasmid in B. grahamii to eight in B. vinsonii subsp. berkhoffii
and six in B. schoenbuchensis. Interestingly, no copies of the Brts could be found in the
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genome of the ancestral B. bacilliformis (Table 3). Thus, these novel RNAs appear to
be genus-specific but are not found in all Bartonella species.
Table 3: Copy number of Brt family of RNAs among Bartonella species

Reservoir

Genome

Strain

# of RNAs
host

size (Mb)

Bartonella bacilliformis

Human

1.45

0

Bartonella rochalimae ATCC BAA-1498

Human

1.53

0

Bartonella quintana str. Toulouse

Human

1.58

2

Bartonella quintana str. RM-11

Human

1.59

2

Bartonella schoenbuchensis str. MVT06

Deer

1.68

2

Bartonella schoenbuchensis R1

Deer

1.68

3

Bartonella henselae BM1374165

Cat

1.91

7

Bartonella henselae BM1374163

Cat

1.98

7

Bartonella vinsonii subsp. Berkhoffii str. Winnie

Dog

1.80

8

Bartonella henselae str. Houston-1

Cat

1.93

9

Bartonella grahamii as4aup

Mouse

2.34

26 + 1
plasmid
Bartonella tribocorum str. BM1374166

Rat

2.62

33

Bartonella tribocorum CIP 105476

Rat

2.62

34
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4.4. The Brt RNAs are transcribed at higher levels under conditions mimicking the
flea vector of B. henselae
To confirm the presence of the Brts in B. henselae and to examine conditions
that might favor their enhanced expression, we performed Northern blot analysis using
a probe that was generated from a conserved region common to all nine Brt RNAs. The
Brts were found in conditions mimicking the lower temperature and iron replete
environment (28ºC + 5 mM hemin) of the cat flea vector of B. henselae as well as the
higher temperature and iron limiting conditions (37ºC + 0.05 mM hemin) corresponding
to the warm-blooded vertebrate host (Fig. 12a). For Northern blotting analysis, the
same amount of RNA was loaded onto the gel and the RNA expression was
qualitatively assessed rather than normalized to a specific gene. Still, difference in
intensities of the RNA bands under different conditions indicated potential differential
transcription of Brt RNAs under different host conditions. Densitometry revealed slightly
higher levels of Brts at 28ºC in the presence of 5 mM hemin (Fig. 12b), conditions more
closely aligned with those seen in the cat flea vector of B. henselae than those of the
vertebrate host. In order to quantitatively measure transcription of the Brt RNAs under
the same conditions tested in the Northern blot experiment, qRT-PCR analysis was
performed using PCR primers to areas conserved among all nine Brts. Expression of
the Brt RNAs was normalized against the rplD gene. The qRT-PCR experiment also
revealed higher levels of Brt family RNA transcription at 28ºC with 5 mM hemin than at
37ºC (Fig. 12c). It should be stressed that the contribution of each individual Brt to this
expression pattern cannot be dissected at this point since conserved probes and PCR
primers were used for these experiments.
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Figure 12: Differential transcription of Brt RNAs. Transcription of Brt family RNAs
was measured under different conditions using northern blotting (a), densitometry
analysis of the northern blot (b), and qRT-PCR (c). RNA was extracted from the B.
henselae Houston-1 strain grown in Schneider’s liquid medium at: 37oC no hemin (lane
1), 37oC + 0.05 mM hemin (lane 2), 28oC no hemin (lane 3), and 28oC + 5.0mM hemin
(lane 4). Brt RNA expression was qualitatively and quantitatively assessed using
Northern blot and qRT-PCR, respectively. The Brt RNAs are transcribed at higher levels
under conditions mimicking the flea vector of B. henselae.
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4.5. Arrangement of Brt RNAs and downstream transcriptional regulators in the B.
henselae genome
A closer examination of the genome loci for the nine Brts shows that all of them
are immediately upstream of a coding region for a family of proteins (Trps), some of
which are annotated as transcriptional regulator proteins (Fig. 13).

There are two

versions of the genome annotation of B. henselae available online with some variation
within the coding region for these transcriptional regulators that result in slightly different
size intergenic regions. It should be noted that the trp8 gene downstream of Brt8
appears to encode a pseudogene with the coding region still present but disrupted by
two stop codons. The other remaining eight Brts retain virtually the identical gene
arrangement with respect to the downstream trp. Genes for fifteen additional Trp or
Trp-like proteins with varying degrees of conserved amino acid sequences and
functional domains as the transcriptional regulatory proteins are also found encoded
throughout the B. henselae genome (Fig. 14A). However, none of these gene copies
are found adjacent to a Brt RNA like those we identified with RNA-seq.

58

	
  
	
  

Trp1	
  

	
  

Trp2	
  

	
  
	
  

Trp3	
  

Brt2	
  

	
  

	
  

	
  

Brt1	
  

Brt3	
  

Brt4	
  

	
  

	
  

Trp4	
  

Brt5	
  

	
  

	
  

Trp5	
  

Brt6	
  

	
  

	
  

Trp6	
  

Brt7	
  

	
  

	
  

Trp7	
  

Brt8	
  

	
  

Brt9	
  

	
  

Trp8	
  

	
  

Trp9	
  

	
  

Figure 13: Arrangement of Brt RNAs and downstream transcriptional regulators in
the B. henselae genome. Immediately downstream of all nine Brts, there is a gene
encoding a Trp transcriptional regulators. trp8 encodes a pseudogene.
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Figure 14: Trp proteins encoded on the genome of B. henselae. (A) Table of all Trp
or Trp-like protein genes found on the B. henselae genome. (B) Radial phylogenetic
tree of all 24 Trps. The Trp transcriptional regulators downstream of the Brt family of
RNAs belong to a multicopy family of genes in B. henselae and other bacteria. The
eight Trps immediately downstream of the Brt family of RNAs show the greatest
sequence homology and cluster together (red oval).

60

	
  
	
  

4.6. The downstream transcriptional regulators belong to a family of helix-turnhelix DNA binding proteins
The region located immediately downstream of each of the Brts codes for a
family of small DNA-binding proteins (Trps). The deduced amino acid sequence from
the Trp coding region downstream of each of the Brt RNAs (except the pseudogene
behind Brt8) is highly conserved. These proteins are small, varying in size from 9.1 to
22.5 kDa with some of these proteins annotated as xenobiotic response element like
proteins (XREs), others DNA binding proteins and still others as transcriptional
regulators [99]. All have a helix-turn-helix putative DNA-binding domain located in the
amino terminal half of the protein. XREs are a family of transcriptional regulators that
have been shown to be involved in the biogenesis of type IV pili, flagella and biofilm
formation in other Gram-negative bacteria [102]. While eight of the nine Brt family
members have a trp gene located downstream on the B. henselae chromosome (except
Brt8, which is followed by a trp pseudogene) there are 15 additional Trp or Trp-like
protein encoding genes found scattered throughout the B. henselae genome (Fig. 15).
It is interesting to note that phylogenetic analysis of the deduced amino acid sequence
for all 24 putative Trps shows that all eight of the proteins that are encoded downstream
of the Brt RNAs cluster together branching out from a single node on a radial tree (Fig.
14b). Locus BH02210 encodes a protein that represents that closest clustering member
that is not preceded upstream by a Brt RNA. The remaining 15 Trps are more distally
related to Trps1-9 and their genes are not located adjacent to the Brts on the genome.
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4.7. The Brt RNA loci cluster in a small region of the B. henselae genome
The nine copies of the Brts mapped to a relatively small segment of about 270
kbps of the B. henselae chromosome (Fig. 15). This region has been described as
highly plastic and very likely contains several horizontally acquired mobile genetic
elements [103]. This region includes prophage genes as well as the pathogenicity island
encoding the type IV secretion system [99], which has been shown to play an important
role in interaction with host cells and the pathogenesis of B. henselae [104]. Since the
genome size of B. henselae is just over 1.9 Mbp, the region harboring the Brts
represents only about 15% of the total genome.

This clustering of the Brts taken

together with multiple copy number is strongly suggestive of “hot spot” area of the
genome undergoing active gene duplication or horizontal gene acquisition.
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Figure 15: B. henselae genome showing Brt RNA loci and transcriptional
regulatory protein (Trp) genes in relation to the PAI. The nine Brt RNAs and their
associated Trps are localized to a specific region of the B. henselae genome close to
the virB PAI (Red oval).
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CHAPTER FIVE:
DISCUSSION

The genus Bartonella consists of over 30 species of bacteria found in a wide
range of animal hosts with most thought to be transmitted by an arthropod vector [105].
B. henselae, B. quintana and B. bacilliformis are the species most commonly known to
cause human disease. While B. quintana and B. bacilliformis use humans as their sole
natural reservoir, B. henselae is found in cats, and incidental transmission of this
bacterium to humans results in disease. Thus, Bartonella species must be able to
quickly adapt to the drastically different conditions associated with transmission from a
vertebrate animal to an arthropod vector and back into another vertebrate host. The
mechanisms with which these bacteria adapt to switch between different host conditions
have not been well characterized. It is important to determine the regulatory
mechanisms that allow the bacteria to survive within the different hosts. GSR systems
offer one possibility for bacteria to change from one environment to another and adapt
by mounting specific responses to the stress condition. GSR systems have been well
characterized in α-proteobacteria and one recently was identified in B. quintana. Our
goal was to characterize this system in B. henselae and to better understand its role in
the adaptive response to the different host environments as well as its ability to regulate
expression

of

genes

known

to

be

involved

64

in

pathogenesis

and

stress

	
  
	
  

response. In addition to the GSR system, regulatory RNAs have been shown to have a
diverse number of roles in bacterial survival and pathogenesis. To our knowledge, no
known regulatory RNAs have been identified in any Bartonella species. Thus, we
performed RNA-Seq to identify RNAs that can potentially regulate gene expression in B.
henselae.
We identified a GSR system in B. henselae and that the bacterium retains the
conserved gene synteny and the PhyR anti-anti-σ factor and the ECF σ factor (RpoE).
The gene synteny in the GSR system consists of the nepR and phyR genes divergently
transcribed and the σEcfG gene is located immediately downstream of nepR. This gene
synteny is also observed in B. henselae. In addition, the histidine kinases located
around this region in B. henselae also fits the description of GSR histidine kinases in αproteobacteria, in that there is a conserved HRRXN motif in the amino acid sequences
of both proteins and the proteins contain a HisKA_2 and HWE_HK domain found in
previously described GSR histidine kinases. Furthermore, the multiple sequence
alignment of the amino acids sequences showed that B. henselae PhyR and RpoE are
closest to B. quintana and Brucella abortus. These two species are known pathogens
with B. quintana being from the same genus as B. henselae and B. abortus being a
close relative of Bartonella species. Thus, it is not surprising that there is a high percent
identity between the PhyR anti-anti-σ factor and the ECF σ factor. With the evidence
presented, we can conclude that PhyR and RpoE represent the anti-anti-σ factor and
ECF σ factor components of GSR response in B. henselae and they function in a similar
fashion to the GSR systems previously described in B. quintana and B. abortus.
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In addition, there is a 166-bp intergenic space between the phyR and nepR
genes, thus it is possible that there are two divergent promoters driving transcription of
the GSR genes within this intergenic space. We examined the mRNA transcripts to
determine whether the genes are co-transcribed by performing RT-PCR analysis using
primers that would amplify the two adjacent genes and the intergenic region between
them. If they share a promoter, we would expect to see an amplification product,
indicating that they are being co-transcribed. We confirmed that the B. henselae GSR
genes are transcribed on two mRNA transcripts. These results are similar to those
observed in B. quintana and other α-proteobacteria. Furthermore, we were able to show
divergent promoter activities in the 166-bp intergenic space from our β-galactosidase
activity assays. The assay results also showed that both PhyR and RpoE are positive
regulators of the GSR system in B. henselae. It is known that ECF σ factors autoregulate their own expression and that both PhyR and σEcfG are positive regulators of
the GSR system [43, 62, 64, 67]. Therefore, any changes to the activities of the two
proteins would affect activities of the divergent GSR promoters. If we eliminate protein
function for a given gene product by deleting that gene, we would expect to see a
decrease in promoter activity since the positive feedback loop is now abolished. Our βgalactosidase assays showed that the promoter efficiency is reduced compared to our
wild-type, confirming that both PhyR and RpoE positively regulate the GSR genes in B.
henselae.
B. henselae is a zoonotic bacterium that must adapt to become a successful
pathogen upon human infection. In addition, the harsh conditions of the cat flea vector
are drastically different than the environment in the vertebrate host. Following ingestion

66

	
  
	
  

of a blood meal, the bacteria travel to the flea gut, where the heme concentration is
highly toxic and the cat flea temperature is low. In contrast, when the bacteria are
introduced to the vertebrate environment, the temperature is significantly higher and the
heme concentration is limited. However, the bacteria are now in a completely different
environment in which the host immune system can pose harmful to the bacteria in
addition to various other stressors. Thus the GSR system would be suitable for the
bacteria to use to protect themselves against the stresses posed by the different host
conditions and allow them to adapt to the surrounding environment. Since heme has
been shown to be a stressor to bacteria, we wanted to examine the effect of the toxic
concentration of heme on B. henselae. We exposed the bacteria to conditions
mimicking the cat flea vector (low temperature, high hemin concentration) and the
vertebrate host (high temperature, low hemin concentration) and analyzed the
transcriptional regulation of the GSR genes. Here, we showed that the GSR system is
required for adaption to conditions mimicking the cat flea vector. Thus, high heme
concentration is one of the potential activators of the GSR system. Due to the difference
in RCN values for all GSR genes, we cannot rule out the possibility of an alternate
promoter in addition to the ECF promoter driving transcription of the GSR genes. In
addition, nepR has the lowest RCN value and therefore is less transcribed than the
other genes. It may be possible that nepR is naturally lowly transcribed since it only
functions under certain conditions and negatively regulates the GSR system. We also
found that heme does not affect transcription of the HWE_HK histidine kinase. The
reason for this could be due to the fact that the HWE_HK histidine kinase may not be
involved in the GSR or that heme may not be an activating condition for this histidine
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kinase and that other conditions may need to be considered. In addition, we examined
how the GSR system would affect transcription of genes encoding heme-binding
proteins. These proteins encoded by these genes are located on the outer membrane of
B. henselae and have been shown to bind to hemin and sequester toxic levels heme,
thereby protecting the bacteria. They have been shown to protect bacteria against
oxidative stress and are thus good candidates to examine how the GSR system would
affect the function of these proteins [97]. Our results show that the GSR system affects
transcription of hbp genes and thus regulates the response to heme stress. We also
found that the GSR system in B. henselae also regulates transcription of badA in
conditions that are relevant to the vertebrate host, and thus potentially affects the
virulence and host cell interaction of the bacterium. BadA is an important virulence
factor in B. henselae and it is responsible for a variety of functions essential for
interacting with host cells and pathogenesis of the bacteria. Our results showed that
badA is repressed by RpoE, as evidence by the increased transcription of badA when
the rpoE gene is deleted. The results indicate that under heme stress, the bacteria
needs to conserve resources to activate the stress response system and BadA may not
be necessary for this process and therefore the GSR regulator, RpoE, can potentially
negatively regulate BadA function.
Finally, we also examined the role of the histidine kinases in the GSR system of
B. henselae. Even though the GSR system was identified previously in B. quintana, the
authors did not mention the role of histidine kinases in their study. The number of
characterized histidine kinases responsible for phosphorylating PhyR has been few and
even if a few have been identified in other species, it does not indicate that the same
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histidine kinase will be identified in another α-proteobacterial species. While the gene
synteny is conserved, the role of histidine kinases in the GSR system appears to differ
between species. Some species seem to carry only HWE_HK kinases while others lack
histidine kinases carrying this type of domain. In some species, histidine kinases have
been shown to phosphorylate PhyR while in another the histidine kinase acts a
phosphatase [64, 68]. In one case, the histidine kinase can function as both a kinase
and a phosphatase [69]. Thus, there appears to be variation in terms of histidine kinase
function, which leads us to identify the histidine kinase involved in the GSR system in B.
henselae. We used the β-galactosidase assay previously used except in this case, we
used a B. henselae strain with the histidine kinase gene deleted and assayed for
promoter activity. Our results showed that the promoter activities were decreased in the
histidine kinase mutant and thus we identified a histidine kinase (BH13820) that can
potentially phosphorylate PhyR and therefore is a positive regulator of the GSR system.
In addition, we also electroporated both the nepR and phyR promoters into the
HWE_HK histidine kinase (BH13860) deletion mutant but were not successful despite
multiple attempts. The problem does not seem to be technical since we had no difficulty
electroporating these reporter plasmids into the HisKA_2 histidine kinase deletion
mutant using the same protocol. Therefore, we cannot arrive at any conclusion
regarding the HWE_HK histidine kinase. There might still be a possibility that this
histidine kinase may not have any role in the B. henselae GSR since it was shown in
Fig. 6 that this gene was not up-regulated under hemin stress.
The search for sRNAs in bacteria has exploded recently due to increasing
knowledge of the important role of sRNAs in regulating genes encoding a wide range of
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bacterial functions coupled with advances in molecular microbiology technology. We
also set out to identify and characterize noncoding RNAs in B. henselae using RNASeq. Our RNA-Seq results revealed a family of RNAs that are highly transcribed. The
level of transcription of this family of RNA surpasses the transcription of most of the
genes whose transcription could be measured with RNA-Seq, with the exception being
ribosomal RNAs. Thus, we were able to show that not only are these RNAs highly
transcribed but also they are small in size. This family of RNAs resembles the
characteristics of regulatory RNAs. We also showed that this family of RNAs could form
highly stable secondary structures through structure prediction. The predicted structures
revealed a high degree of base pairing and multiple stem-loop structure formations
within the RNA sequence. It is important to note that the RNA can form this stem-loop
structure at its 3’ end, which might be essential to the regulatory function of the RNA.
To the best of our knowledge, this family of RNAs has not been previously described in
other bacteria and these potential regulatory RNAs were designated Bartonella
Regulatory Transcripts (Brts).
Subsequent to the identification of these RNAs in the RNA-Seq, we wanted to
characterize any potential role they may have in gene regulation by assessing their
function in B. henselae. First, we determined whether these RNAs had previously been
found in other bacterial species by comparing the RNA sequences with the NCBI
sequence database. Our search results led to the realization that this family of Brt RNAs
was specific to the genus Bartonella since no other bacterial species outside of this
genus could be identified. The number of Bartonella species identified in our list is not
comprehensive since the NCBI genome database does not include all of the Bartonella
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species due to the lack of sequencing data. Interestingly, the number of RNA in each
Bartonella species correlates with the genome size as the species with the biggest
genome also contains the most copies of the gene for the RNA. It is also important to
note that species that are human-specific harbor the least amount of RNAs.
When we analyzed the regions surrounding these RNAs on the genome, we
discovered that located downstream of most of the RNAs is a gene encoding a helixturn-helix DNA binding protein with a xenobiotic response element, with the exception of
Brt 8 where a pseudogene is located downstream. Proteins containing an XRE domain
have not been well characterized in bacteria so we cannot assume a specific function.
Published reports have implicated XREs in biofilm formation and may potentially affect
metal homeostasis and stress response [106, 107]. For identification purposes, we
name these genes Transcriptional Regulator Proteins (trp). We also want to point out
that both the Brt RNA and the downstream trp gene are encoded in the same direction.
Thus we were interested in determine whether there is a relationship between the RNAs
and the downstream gene.
The organization of the RNA being upstream in the 5’ UTR of genes encoding
the Trp transcriptional regulators is reminiscent of the location of riboswitches relative to
the downstream gene that they regulate. The RNA-Seq results showed that the
transcription of the downstream trp genes is non-existent compared to the high Brt
transcription. In addition, the 3’ end region of the Brt RNAs are predicted to form stemloop structures that can potentially serve as terminator sequences that prevent readthough transcription of trp. Therefore, we propose a riboswitch model in which the Brt
RNAs form a secondary structure at the 3’ end that can prevent read-through
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transcription of the downstream trp gene under non-activating conditions (Fig. 16).
However, when the bacteria encounter an activating condition, the Brt riboswitch will
change its structure to a more favorable conformation that will allow read-through
transcription of trp. Based on the environments that B. henselae is associated with, the
conditions that can initiate a switch and cause conformational change include iron and
nutrient availability, pH changes, oxidative and osmotic stresses. We will need to
conduct experiments in which bacteria will be stressed with different conditions and
assess whether these conditions will allow read-through transcription. One method
would be to use the native promoters of the Brt RNAs and measure their abilities to
drive transcription of lacZ via β-galactosidase activity under different conditions. If the
Brt RNAs are indeed riboswitches, then if their promoter and the entire RNA that
includes the putative riboswitch structure is ligated upstream of lacZ, we would expect
abolition of both lacZ transcription and β-galactosidase activity.
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Figure 16: Proposed riboswitch mechanism for Brt RNA family in B. henselae.
Under non-activating conditions, the 3’ end of Brt forms a step-loop secondary structure
that prevents read-through transcription of the downstream trp gene. Under an
activating condition, the secondary structure changes conformation to allow readthrough transcription of trp.

In addition, there are nine copies of Brt RNA in B. henselae with conserved
nucleotide sequences and predicted secondary structures that are indicative of a
duplication event. It is possible for all nine Brt RNAs to function redundantly via binding
of the same ligand by each individual Brt and therefore collectively contribute to the
overall effect on gene regulation due to the aforementioned conservation. Furthermore,
it cannot be ruled out that these Brt RNAs may have binding affinities for different
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ligands and therefore act as sensors under different environmental conditions. In order
to determine which of the hypotheses applies to the Brt RNAs in B. henselae,
mechanistic and functional analyses of each Brt would need to be performed separately
and compared to a combination of different Brts. It may be possible that several and not
all of Brts work in concert with each other while the remaining Brts function in a
separate pathway.
Under the assumption that the Brt RNAs function as riboswitches that turn on or
off transcription of trp, then we will need to determine the function of these Trp proteins.
One of the first things that we will need to test for is the influence of these Trp proteins
on virulence of the bacteria. Since their transcription is either very low or completely
repressed, overexpressing the genes will allow us to increase their activity. In order to
assess virulence of the bacteria harboring the overexpressing plasmid, we would need
to analyze the affect of the Trp proteins on expression of virulence genes such as badA,
the virB T4SS, or the trw T4SS.
While we will be exploring the regulatory mechanism of the Brt RNAs as
riboswitches, we still cannot rule out the possibility of these RNAs acting as sRNAs that
can base pair with mRNA targets or interact with RNA-binding proteins such as Hfq.
The Brt RNAs exhibit characteristics of sRNAs such as their small sizes (Table 2) and
their ability to form extensive base pairing and stable secondary structures (Fig. 11) [72,
108]. In addition, it was shown that the Brt RNAs are highly transcribed in both the RNASeq (Fig. 10) and qRT-PCR (Fig. 12c) and that they are located in intergenic regions,
which are other features described of sRNAs [74, 109]. Furthermore, a search of the
genome reveals that B. henselae harbors a gene that encodes for the Hfq protein. Hfq
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proteins are chaperones that bind to sRNAs and facilitate their interactions with target
mRNAs via various mechanisms [110]. The Brt RNAs can potentially act as trans-acting
antisense RNAs and base pair with their target through the help of Hfq. Therefore, it
would be sensible for us to perform experiments to confirm this hypothesis. We applied
the sequences of the Brt RNAs against a target prediction program to search for
potential base pairing mRNA targets in the B. henselae genome and found several
potential candidates. However, prediction programs are not always accurate and we
would need to confirm the ability of these mRNA to bind the Brts experimentally.
We can also analyze the role of these Trp proteins on biofilm formation.
Bartonella species, particularly B. henselae, are a well-established cause of infective,
blood-culture negative endocarditis. Infective endocarditis is characterized by biofilm
type bacterial growth on infected heart valves [111, 112]. Furthermore, in Pseudomonas
aeruginosa, a HTH_XRE was shown to work with a small RNA to regulate biofilm
formation and stability [102]. The information presented here prompts further studies to
determine whether the Brt RNAs and their associated Trp proteins can affect biofilm
formation in B. henselae.
When we localized the Brts and their associated transcriptional regulators on the
B. henselae genome, we found that they are localized to an expandable region that has
been described to be responsible for horizontal gene transfer [113]. This region can
explain the variable number of RNAs between different Bartonella species. In addition
the RNA families are found to be close to the virB pathogenicity island. We found that
the ancestral species, Bartonella bacilliformis, has no Brt RNA and it also does not
contain the virB gene locus. As seen in Table 2, the Brt RNAs are not present in the
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ancestral species B. bacilliformis and it is known that the virB PAI is also absent from
this organism [2], it may be that the Brt RNAs and the virB PAI could have been
acquired together via horizontal gene transfer in other Bartonella species.
In conclusion, the GSR and the Brt RNAs represent novel and complex gene
regulatory circuits in B. henselae. The elucidation of the GSR allows us to further
understand how the bacteria can combat the stresses and adapt to the various host
systems. The GSR affects a broad set of genes that are important to the survival of the
bacteria under stress and the ability of the bacteria to effectively infect host cells.
Furthermore, the GSR may be acting in concert with other systems as part of a more
global and complex regulatory network. Small RNAs have been known to be involved in
a variety of functions in bacteria and it may be possible that they have some role in
stress response and pathogenesis in B. henselae. We found recently that small Brt
RNAs are transcribed in B. henselae, which has not been published previously.
Potentially, these Brt RNAs may be part of a global regulatory system that affects
different levels of regulation from housekeeping function to stress response to virulence.
Thus characterization of these two systems allows us to understand better the
underlying mechanisms contributing to pathogenesis of the bacteria that will eventually
lead to development of more effective treatments.
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APPENDIX A:
LIST OF PRIMERS: GENERAL STRESS RESPONSE

Table 4: List of primers used in the General Stress Response study
Primers used for Knockout Construct
Gene

Primer sequence (5’ to 3’)

Purpose

HisKA_2

GCACGGATCCGCAGAGGATTTGGTTCAAGAT

Forward primer of

(BH13820)
HisKA_2

megaprime fragment 1
Reverse primer of

ATCAGAAGAGGGTATATGAGG

(BH13820)
HisKA_2

megaprime fragment 1
CCTCATATACCCTCTTCTGATTCTGCTTTGGGAGGAACAAAA

(BH13820)
HisKA_2

megaprime fragment 2
GCACGGATCCAGCAAACTTGAAAGAGCAGTG

(BH13820)
HisKA_2

Forward primer of

Reverse primer of
megaprime fragment 2
Forward screening

TGCTGCACTATGATGCCATAA

(BH13820)

primer to confirm
deletion mutant

HisKA_2

Reverse screening

TGCCATGTATGCACTGGTTC

(BH13820

primer to confirm
deletion mutant

rpoE

GCACGGATCCCTCGTGGTGTGAGATACGAT

(BH13830)

Forward primer of
megaprime fragment 1
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Table 4 (Continued)
Primers used for Knockout Construct
Gene

Primer sequence (5’ to 3’)

Purpose

rpoE

TAGGATCAGAAGGAGTTCCTG

Reverse primer of

(BH13830)
rpoE

megaprime fragment 1
CAGGAACTCCTTCTGATCCTAGATGGTGAATCCGATTATGGT

(BH13830)
rpoE

megaprime fragment 2
GCACGGATCCTTCATACCACTGCGGATGTG

(BH13830)
rpoE

Forward primer of

Reverse primer of
megaprime fragment 2
Forward screening

GCCTGCTCATTTACTTGAACT

(BH13830)

primer to confirm
deletion mutant

rpoE

Reverse screening

GGTCACGCTAAACACCATGA

(BH13830)

primer to confirm
deletion mutant

phyR

GCACGGATCCGCGACCCATATTGAGGAGG

(BH13850)
phyR

megaprime fragment 1
Reverse primer of

TTCCAACATCGCTGAGACATA

(BH13850)
phyR

megaprime fragment 1
TATGTCTCAGCGATGTTGGAAGGAGAGCGTCCAGAACCA

(BH13850)
phyR

Forward primer of
megaprime fragment 2

GCACGGATCCCACATAGCCCAAAGTTTGCG

(BH13850)
phyR

Forward primer of

Reverse primer of
megaprime fragment 2

TTCCATACGAACAGAGGAAC

Forward screening

(BH13850)

primer to confirm
deletion mutant
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Table 4 (Continued)
Primers used for Knockout Construct
Gene

Primer sequence (5’ to 3’)

Purpose

phyR

CGCTTAGATGTGATCTCTCC

Reverse screening

(BH13850)

primer to confirm
deletion mutant

HWE_HK

GCACGGATCCCAAGAGCATCATCCAGTGAC

(BH13860)
HWE_HK

Forward primer of
megaprime fragment 1

ATAGACCAGATTCGTTGTCTG

Reverse primer of

(BH13860)

megaprime fragment 1

HWE_HK

CAGACAACGAATCTGGTCTATATTGTCCCTGTTTCTGTCAA

Forward primer of

(BH13860)

T

megaprime fragment 2

HWE_HK

GCACGGATCCTGTTCCAATGGGCTGGTTTC

Reverse primer of

(BH13860)
HWE_HK

megaprime fragment 2
GAGAATGCTTCCAAAGCTGC

Forward screening

(BH13860)

primer to confirm
deletion mutant

HWE_HK

GTGAGAAATGAAGGTTCTCAG

Reverse screening

(BH13860)

primer to confirm
deletion mutant

Primers used for qRT-PCR
Gene

Primer sequence (5’ to 3’)

Purpose

HisKA_2

TCTTCTTTGCTAGGGCTCCA

Forward primer

GCCAATTCAACATCATGCAC

Reverse primer

(BH13820)
HisKA_2
(BH13820)
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Table 4 (Continued)
Primers used for qRT-PCR
Gene

Primer sequence (5’ to 3’)

Purpose

rpoE

TGGGCTAAGCAGGACAGTTT

Forward primer

GGAGGATGAACAGCCACATT

Reverse primer

TGAACGACCGTGATGAAAAA

Forward primer

TGCTCTGCTTTCTCCAACCT

Reverse primer

CGTAAGCTCCTCAACCAAGC

Forward primer

CACCTGATGGCCAAGACTTT

Reverse primer

CAAACCGCACGCTATACTGA

Forward primer

ACGCTTCCCTTTTCTTGTGA

Reverse primer

CGTTACCGGTGGTCAACTCT

Forward primer

CCAGTCAAAGCTTCCGCTAC

Reverse primer

ATGCTGCTTTTGCTCAAGGT

Forward primer

GCATCATCTGCTGCTTGTGT

Reverse primer

(BH13830)
rpoE
(BH13830)
nepR
(BH13840)
nepR
(BH13840)
phyR
(BH13850)
phyR
(BH13850)
HWE_HK
(BH13860)
HWE_HK
(BH13860)
badA
(BH01510)
badA
(BH01510)
hbpA
(BH02560)
hbpA
(BH02560)
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Table 4 (Continued)
Primers used for qRT-PCR
Gene

Primer sequence (5’ to 3’)

Purpose

hbpB

GCGGAGAAGAATGCTAGTGG

Forward primer

ATCATGGAGCTGGGCATAAG

Reverse primer

AGAAAAATGGGCTGGTGCTA

Forward primer

ACCAGCACCAAGGGTGTAAC

Reverse primer

TGCAGAAGTGACGAATGGAG

Forward primer

AATGCCTCCTCCAAGGGTAT

Reverse primer

(BH02570)
hbpB
(BH02570)
hbpC
(BH02550)
hbpC
(BH02550)
hbpD
(BH04810)
hbpD
(BH04810)

Primers used for RT-PCR of the GSR transcripts
Primer

Primer sequence (5’ to 3’)

Purpose

HisKA2 /

GATGCTGCAGCGATTTGTGG

Forward primer to

rpoE
HisKA2 /

amplify 3’ end of rpoE
Reverse primer to

CTGTGCAACTTCGCGATCAACGG

rpoE

amplify 5’ end of
HisKA2

rpoE / nepR

Forward primer to

GAGATAGCACGGAAATTACGC

amplify 3’ end of nepR

94

	
  
	
  

Table 4 (Continued)
Primers used for RT-PCR of the GSR transcripts
Primer

Primer sequence (5’ to 3’)

Purpose

rpoE / nepR

CTGTCCTGCTTAGCCCATGC

Reverse primer to
amplify 5’ end of rpoE

phyR /

Forward primer to

GATGCAGTCAATGACATTTTGC

HWE_HK
phyR /

amplify 3’ end of phyR
GGATCGCTTGCATCAGAGCG

Reverse primer to

HWE_HK

amplify 5’ end of
HWE_HK

Primers used for promoter reporter constructs
Primer

Primer sequence (5’ to 3’)

Purpose

phyR

GCACGTCGACTTTTTACCCCCCTAATCCAT

Forward primer to
amplify the promoter
upstream of phyR

phyR

GCACGGATCCGATTTCTAACTCCTTTGAC

Reverse primer to
amplify the promoter
upstream of phyR

nepR

GCACGTCGACGATTTCTAACTCCTTTGAC

Forward primer to
amplify the promoter
upstream of nepR

nepR

GCACGGATCCTTTTTACCCCCCTAATCCAT

Reverse primer to
amplify the promoter
upstream of nepR
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APPENDIX B:
LIST OF PRIMERS: REGULATORY RNAS

Table 5: List primers used in the Regulatory RNA study
Primers used for qRT-PCR
Primer

Primer sequence (5’ to 3’)

Purpose

Brt

TCGCATACGCAACGACCAATA

Universal forward
primer to detect all of
the Brt RNAs

Brt

TGGACATAGCAAAATCTCCCGGAA

Universal reverse
primer to detect all of
the Brt RNAs

Primers used for promoter reporter constructs
Primer

Primer sequence (5’ to 3’)

Purpose

Brt 1

CGGCGTCGACCTTTTAAAATCAAAATCATTTCGG

Forward primer

Brt 2

CGGCGTCGACGTTTCTCAGGGCACTTC

Forward primer

Brt 3

CGGCGTCGACATTTTTTTATGGGGATGC

Forward primer

Brt 4

CGGCGTCGACCTCGTTTAGCGCACTCTTC

Forward primer

Brt 5

CGGCGTCGACTGCCTCTGAAATCTCGCAG

Forward primer

Brt 6

CGGCGTCGACTCTGAATTCTTTAGAGAGAT

Forward primer

Brt 7

CGGCGTCGACTTTCCAACAAATTCAGAAATAT

Forward primer
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Table 5 (Continued)
Primers used for promoter reporter constructs
Primer

Primer sequence (5’ to 3’)

Purpose

Brt 8

CGGCGTCGACTGCGGATATTTCAAAAAAG

Forward primer

Brt 9

CGGCGTCGACGGATTTGGTATTGTACTGCTG

Forward primer

Brt Rev

GCCGGATCCCATTGGTCGTTTGCGTAT

Universal Reverse
Primer

Primers used for overexpression constructs
Gene

Primer sequence (5’ to 3’)

Purpose

trp 1

CGGCGGATCCCGAACCAAAAATCCAC

Forward primer

CGGCTCTAGAAGGTAGAGGCTTGTGATGTG

Reverse primer

CGGCGGATCCCAAGCGAGAAATCTTCGTC

Forward primer

AGGATCTAGAGCAATGTGCGCCCTCTATAT

Reverse primer

CGGCGGATCCACCGAGACTAGAAAAAAACCC

Forward primer

AGGATCTAGAGATTGATAAGGTGAGCGAGA

Reverse primer

(BH12870)
trp 1
(BH12870)
trp 2
(BH13560)
trp 2
(BH13560)
trp 12
(BH02210)
trp 12
(BH02210)
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